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PREFACE

The second Maurice Ewing Symposium was
devoted to the implications of deep arilling
results in the Atlantic Ocean. This subject
was chosen for two reasons. First, Maurice
Ewing was one of the leaders of JOIDES (Joint
Oceanographic Institutions For Deep Earth
Sampling), the association of oceanographic
institutions that was formed to organize and
sponsor drilling in the deep ocean, and which
has continued to provide scientific advice to

. the Deep Sea Drilling Project. Second, the

- first phase of International Program of QOcean
Drilling in the Atlantic was finished and it
seemed a good time to assess the implications
of drilling results in the Atlantic that had
been obtained over almost a decade.

During the time this volume was being
prepared, discussions were taking place about
a new initiative in oceanic drilling, in which
a drilling vessel with much enhanced capability
might be used. The results presented in this
volume thus represent the base on which new
drilling plans can be built.

The Maurice Ewing series is based on papers
presented at the Maurice Ewing symposia. Two
volumes resuited from the second symposium,
which was held at Arden House, Harriman, New
York on March 19-25, 1978. The symposium was
co-sponsored by the Lamont-Doherty Geological
Observatory, by JOIDES, and by the Inter-Union
Commission in Geodynamics. Financial support
for the symposium was provided by the G. Unger
Vetlesen Foundation, the U. S. Office of Naval
Research, and the 1. S§. National Science
Foundation.

Manik Talwani
William Hay
William B. F. Ryan
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Abstract. Deep Sea Prilling Project sites in
the North American Basin penetrated Mesozoic and
Cenonzuic sedimentary sequences of similar lithol-
ogy, age, faunal aysemblages and petrographic
compositiou, permitting the definition of six
formations.. These are in ascending order: the
vat Gap TFormation {Oxfordian-Tithonian grey-green
limestone, reddish-brown argillaceous limestone,
and cclcareous claystone); the Bilake-Bahama Forma-—
tion (Titho ian-Barrvenmian light grey limesIone and
chalk); the Hatteras Formation (Barremian-Ceno-
manian black and green-grey shale and claystone):
the Plantagenet Formacion (Late Ce--=manian to
?Early Eocene varicolorad zeolitic :lay); the
Bermuda Rise Foomation (Paleocene to Middle Encene
chert and siliceous-ooze); and the Blake Ridge
Formation (Eocene to Holocene hemipelagic grey-
green mud with lscol mass-flow deposits). In
addition, the Créscent Peaks Member (Maastrichtian
naonofossil marl) of the Plaatagenet Forzation and
the Great Abaco Member (Miocene mass-flow deposit:)
of thie Bldake Ridge Formation are defined. The Cat
Gap, Blake—Baba 35 an Betmuda Rise -Formations afd
the Crescent -Peaks and Great -Abaco. ¥émbers are
veismically- mappable, with- the formation boun-
ap telé -gorresponding to major seismic
,~Af‘ Ak Mi. rEspect:vely) in the

MESOZOIC-CENOZOIC SEDIMENTARY FORMATIONS OF THE NCRTH AMERICAN BASIN;
WESTERN NORTH ATLANTIC

Lubomir F. Jansa

Atlantic Geoscience Centre, Geological Survey of Canada
Bedford Institute of Oceanography,

Dartmouth, N. S., Canada

Paul Enos
State University of New York, Binghamton, New York
Brian E. Tucholke

Lamont-Doherty Geological {bservatory of Columbia University
Palisades, New York

Felix . Gradstein

Atlantic Geoscience Centre, Geological Survey of Canada
Bedford Institute of Oceanography, Dartmouth, N. S., Canada

Robert E. Sheridan

Department of Geology, University of Delaware, Newark, Delaware

in the North American Basin are red or grey-green
argillaceous limestones at Sites 99, 100 and 105,
which are not older than Oxfordian. These sedi-
ments were deposited in a deep bathyal environ-
ment, near but above the calcite compensation
depth (CCD). Pelagic carbonate deposition above
the CCD continued into the Barremian, producing
light-grey limestones. The CCD shallowed abruptly
in the Barremian, and this was accompanied by
stagnation of bottom and intermediate water that
developed euxinic conditions which extended
throagh the Cenomanian. Bottom circulation was
re-estavlished in the Late Cretaceous, bur shallow
CCD and lack of rterrigenous input to the deep
basin resulted in deposition of pelagic multi-
colored clays. Maastrichtian limestone beds
within otherwise carbonate-poor variegated clays
indicate temporary devpening of the CCD in the
North Ametrican Basin in the, Late Cretaceous.
Pelagic and- hemipelagic clays were -deposited in
much-of the deep- basin during the Paleocene;
followed -by accumulation of dominantly biogenic
siliceous deposits ian the-dcep basin in -latest
Paleocsne through Middle Eocene time. Mixed
siliceous-and calcarécus sediments accumulated on
the shallower mid-oceanic _ridge. Silica.dia-
genesis formed purcelanztic cherts- in the upper
Lower to lower -Hiddle -Encene sediments, and-these
cofrelare with .The -widespread seismic reflector

-JANSA 1
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Horizon AC.  The Upper Zocene and Oligocene are
represented bv clays with varying amounts of
biogenic silica and carbonate, together with
locally important mass-flow deposits. Towards
the continental margin, sediments of this age are
missing because a major nr2-Miocene unp >nformity
overlies Lower Cretaceous t¢ Eocene -ediments
weneath the continental rise. Except for cal-
careous ridge-flank sediments, deposition of
hemipelagic grey-green mud was predominant in the
North American Basin throughout the Neogene and
continues to the present. The thickest deposits
are Miocene znd form the continental rise. Mass-
flows from the continental shelf and slope de-
posited a massive blanket of Miocene carbonate
breccia (the Great Abaco Member! in the Blake-
Bahama Basin, and form flat-lying wedges of
dominantly Pleistocene terrigeneous sand, silt,
and clay in the present abyssal plains.

Introduction

The first step toward a lithologic synthesis of
tne western North Atlantic Basin was undertaken by
Lancelot gz zi. (1972) based primarily on Leg 11
sites. More rigorous application of the prin-
ciples of continental rock stratigraphy to oceanic
sediments was demonstrzted by Cook (1975) in a
s«udy of the stratigraphy of the eastern Equa-
torial Pacific.

In the present paper, widespread Mesozoic and

Cenozoic lithostratigraphic unitc [~  ified in
the North American Basin during De Drilling
Project (DSDP) Legs 1, 2, 4, 11, 45, 44 are

correlated on the basis of sediment ¢ 7Iracteris-
tics, contacts, regional aspects, phys.cal proper-
ties, faunal content, and acoustic characters.
The data synthesized here {(shipboard descriptions
of cores, smear slides, and thin sections; grain
size; carbon-carbonate analyses; and X-ray miner-
alogy) are from site reports and appropriate
chapters of the Initial Reports of the Deep Sea
Drilling Project (Ewing. Worzel e: =i., 1969;
Peterson, Edgar et al., 1970; Bader; Gerard &t
ai., 1970; Hollistrer, Ewing ez al., 1972;

Tucholke, Vogt ef zi., 1979; and Benson,

Sheridan &% 2i., 1978). Data from other, spec-
ialized studies are cited in the text. Critical
intervals of cores were re-cxamined at the East
Coast Core Repository and studied in thin sections
and smear slides. Scanning electron microscopy
wss used to study composition, diagenetic alter-
ation, and porosity. Comparisons with marginal
basins are based on a study of the subsurface
Mesozoic of the Scotian Shelf and Grand Banks by
Jansa and W-de (1975a,b), on studies of the U.S.
Atlantic coastal plain-and of the COST B-2 well
locatéd off the New Jersey coast (Schlee 2f gi.,
1976; Smith &% al., 1976), and -on brief recén-
naissance -studies of exposed-Mesozoic sections in
Morocce, southern Spain, sgﬁtﬁern'?faﬁce; and-
northern Italy by Jansa. A-complementary study
synthésizes lithofacdies recovered on DSDP Leg -41
in the-eastern North Atlantic -(Jansa-ef al.;

1978). The reader also is referred to a com-
plementary studv by Tucholke and Mountain (this
volume) that synthesizes the depositional historv
of the North American Basin based on seismic
stratigraphy and its correlation with DSDP
borehole results.

In studving the western Atlantic lithofacies it
is evident that some biostratigraphic data pre-
sented in the Initial Reports are not precise, as
indicated by differing results of various micro-
paleontelogical disciplines. There is a clear
need for detailed compilation of the Mesozoic-
Cenozoic biostratigraphy of the North Atlamtic,
but in this report we have limited ourselves to
minor revision cf the existing biostratigraphic
data.

A subcommittee of the American Commission on
Stratigraphic Nomenclature (Wilson, 1971) recom-
mended that formal submarine rock-stratigraphic
units be named for oceanic topographic features
which appear on published charts. They also
propcsed that th- term 'Oceanic' be used in the
formal names of submarine formatioms. Although
the latter procedure was followed by Cook (1975)
in his pioneering definition of Pacific Basin
formations, we omit the term 'Oceanic' for the
following reasons. Some deep-sea lithic units
extend from the ocean basin onto the continental
margin and outcrop on land. Many formations
outcropping on land, although not contiguous with
deep basin lithofacies, obviously were deposited
in an oceanic environment and have strong simi-
larities to known deep-basin lithofacies (Ber-
noulli, 1972; Jansa 2% ai., 1978). Another pos-
sible source of confusion is the prior use of
*Oceanic Formation' for outcropping Tertiary rocks
on Barbados (Jukas-Brown and Harrison, 1891}.
Comparable rocks have been penetvrated during
drilling in the western central Atlantic (Bader,
Gerard ¢ az., 1970). We therefore consider use
of a double terminclogy (land-based and ocean-
based) confusing and inappropriate.

Structural Setting

The North American Basin (Fig. 1) is a large
bathymetric depression centered on the Bermuda
Rise. The Soim Abyssal Plain and the Hatteras
Abyssal Plain lie north and west of the Bermuda
Rise respectively and the Nares Abyssal Plain to
the south, with the Blake-Bazhama Abyssal Plain
adjacent to the basin margin on the southwest.’
The aris of maximum depth -runs northeastward about
halfway betweeén Bermuda and- the Mid-Atlantic
Ridge. The North American Basin is confined on
the north by ‘the Newfoundland Ridge and contin-
ental margin, on the south by the Antilles and
Barracuda Fracturé Zone; on-tha east by the Mid-
Atlantic Ridge, and -on the west by -the North
American continental -margin.. Water depths in the
central ‘basin, with-the-exception-of. the-Beérmuda
Rise region; .generally exceed 5000 m. .

The North American Basin, excluding the Mid-
Atlantic Ridgc-and-Pierto Rico Trench, is-a.
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Figure 1.

tectonically stable region dominated by subsidence
Local formation of volcanic
peaks such as Bermuda and the New England Sea-
mounts, and regional uplift of the Bermuda Rise
occurred during or prior to the Early Cenozoic.
Oceanic crust flooring the basin has formed since
tha initial rifting of North America from Africa
abcut 180 m.y. B.P. (Pitman e# al., 1971; Vogt
Magnetic polarity sequences
recorded in the crust include the Jurassic quiet
zone and Blake Spur Anomaly, the Keathley Sequence
(¥-series),- the Cretaceous quiet zone (Mercanton
interval), and anomalies 1 to 34 along the Mid-
Atlantic Ridge (Pitwan and Talwani, 1972; Schouten-

of oceanic basement.

and Einwich, 1978).

and- Kliiggpi'd i 3.977) s

The oldest sediments recovered by deep-sea
drilling are -Oxfordian-at Sites 99, 100, and- 105

Location map with physiographic features of the North American Basin
and location of Deep Sea Drilling Project drill sires (legs 1, 2, 4,
11, 43, and 44). Bathymetry after Uchapi (1971).

(Heliister, Ewing ef a4l., 1972). Site 100 near
Cat Jap was drilled about 25 km west of anomaly M~
25, «nich is the oldest anomaly in the Keathley
sequence, and Site 105 was drilled just east of M-
25 (Larson and Hilde, 1975). Sedimentary
sequences of these two =ites are underlain by
basalrs. Seismic reflection profiles show that
the -basalts correspond to the top of Laver 2,
which can be traced to other DSDP sites throughout
the basin. Basal sediments at some drill sites
exhibit contact metamorphism, and petrographic
evidence indicates inat some Layer 2 basalts are
sills, but it appears that structural basement in
this basin is dominantly basalt with only minor
quantities of interlayered sediment (Aumento,
Melson, et al., -1974; Bryan, Robinson ef al.;
1977). )

JANSA 3
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Methods

The parameters most useful for recogunizing and
correlating the lithologic sequences are color,
inorganic and organic constituents (especially
calcium carbonate, silica, and clay mineral con-
tent), bedding, sedimentary structures, and bio-
turbation. The upper and Jower contacts of
defined lithologic units have been identified in
all studied sites. If formation contacts were
not cored at the proposed type section, other
sites of the same unit are used to define the
contact (boundary stratorype). After lithologic
units are ?ofined at individual sites, corr:lation
and mapping of units is attempted between s.tes.
This requires enough borehole contrel and seismic
reflection data to establish the continuity of
units. Since drill sites are widely separated,
the seismic reflection information is especially
important in wmapping the extent of reflecting
lorizons. Although seismic sequences do not al-
ways correspond to lithostratigraphic units
throughout the basin, certaio consistent cor-
relations between lithologic changes and major
reflectors justify use of seismic data as a
mapping tool.

The bulk of the Mesozoic and Cenozoic sediments
cored in the North American Basin are subdivided
into six foruwations for which formal stratigraphic
nawes are herein proposed. Data concerning loca-
tion, thickness, depth of boundaries and core
recovery of the stratotypes are summarized in
Tables 1 and 2. Some of these units have been
recognized by Lancelot 2% zl. (1972) as distinct
lithofacies. The lithology, age and depositional
environments of the formations are summarized in
Figure 2. Detailea data concerning lithology of
individual cores, age, formation boundaries, cor-
relation of the lithologic units between sites and
position of seismic horizons are summarized in

Figure 24. The regional distribution of the
formations is shown on maps (Figures 3, 8, 10, 12,
15, 18 and 20) and in a schematic cross-section
(Figure 22). Sedimentologic parameters for each
formation are presented in Tables 4, 6, 8, 17, 12,
14, 17, and 19.

The biostcatigraphic framework resulting from
detailed analysis of several microfossil groups
provides valuable auxilliary information in
lithostratigraphic studies of deep sea sediments.
In the North American Basin, nannofossils and
foraminifers contribute to age determinations for
much of the Jurassic thoough Quatevrnary; radic-
larians are especially helpful in the Tertiary,
dianoflagellates are important in the mid-Cretaceous,
and crinoids, calpionellids and ammonites are
useful for the Upper Jurassic.

A compilation of multiple biostratigraphy based
on published literature was made in the North
American Basin where lithostiatigraphic type
sections are defined (Figures 7, 9, 13, 14, 19,
and 21). The consensus of ages is broad compared
to detailed bio- and chronostratigraphy in some
Cretaceous and Cenozoic land sections. A major
limitation in oceanic sediments is the relative
paucity of the calcareous fossils thar result from
dissolution of calcareous tests with increasing
water depth.

Detailed age interpretation for Jurassic and
Lower Cretacecus sediments is hampered by lack of
agreement betwesn individual interpretations and
this is the main reason that resolution is not to
the stage level.

Two factors cause some confusion. These are the
equation of Lower Tithonian and Upper kimmeridgian
which results from improved correlation of Boreal
and Tethyan ammonite assemblages (e.g. van Hinte,
1976). This necessitates revision of previous
Kiomeridgian/Tithonian boundary interpretations, .
such as those in DSDP Leg 11 sites, but the new -

TABLE 1. TYFL LOCALITIES (STRATOTVFES) OF MESOZOIC-CENOZOIC FORMATIONS AXD MEMBERS OF THE NORT:H AMERICAN BASIN, WESTERN SORTH ATLANTIC =
Unit Xane Do=inant Lithology Tvpe Locality {Stratotrpe) Date Water Bottom Thickness Tore Cere Recovery Z
R Leg Site Fosition Drilled Depth Eole Depth ICored IRecovered
i Latitude Losgitude {=a) {=} {=} i=)
“Slake Ridge Hexipelagic Crey- 11 106 & 36°26.0'% 493'25.7'w 20-2& May &500 1612 961- 3.1 63.1 £.2-8.%
Forzztion green Mod 1663 1970 1012
Great Abazo Inzraclaszie Chalk 44 391A  28°13.7'% 75°36.9'% 2-22 Sept 4553 1412 502 102.0 62.6 1.3
Mezder $C 1575
Zer=udz Rise Chert and Siliceous 43 387 32°19.2°8 677i0.0'W 1-7 agg 3117 79%.5 152.8- 29.1- 27.%- 19.0-21.%
Forzmation Ooze 19375 220.4 &7.7 3.1
i‘hn:é§«ﬁz Variegated Clay 43 386 3112 6871w 4-31 July 4&782 973.8 92.3- 46.0 72.2 41.3-49.8
For=matica 1975 1114
&es:@t Peais (=231 &3 387 32°19.2°% 67750,0'% 1=7 Aug 5117 79%.5 25.2 6.2 43.3 370
Meaber ) 1935
Hatteras Black Carbomaceous 11 38% 3SR 6%t10.4%u 13-1% ¥ 52 6 s 39
Hatreras ok b ls;ﬁway 5351 633 113.2 5.0 66.5 39.9
Blake-Sataz=a Grey and ¥hite &% 391C  28°1X.¥'N 75%36.9'W 2-22 436 &12- i 25.9-%
Formacton Limstone n;ggpl 263 1812 ;;S.gs 350.4 50.9 £5.9-35:3
Gt Cap Red Clayey 11 105 34°53.7'R 69°10.4'W 13°19 Xs 2 2 4 &
Forestfon Libestons e 33 SﬁSl 633 62.4 2.1 671.5 £2.5%

* Transitional lover boundary B
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Figure 2. Schematic characteristics of sedimentary formations in the North
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wotk based on other

other publications.

American Basin, defined in the present paper.
explanation see Figure 24.

« information should be evaluated in the contex of
Second, dis~
crepancies occur between the age interpretations
given in the DSDP site reports (basically the
result of shipboard studies) and the later bio-
s stratigraphic stuc .es of the Imitial Reports or
Where discrepancies occur we
have -favored interpretations in the special
paleontolozic studiz
Corés from-all drill sites in the North American

fossil groups.

S.

metras.

Occasional discrepancies may occur
between our report of core numbers and depths and
those listed in the Initial Reports.
from errors in the Initial Teports, and shifring
of cores in liners after shipboard visual descrip-
tions and prior to or after core photography. 1In
each case, we have consulted original data pro-

For lithologic symbols

This results

vided by the Deep Sea Drilling Project to obtain
accurate information.

_BaSin; inclvding type sections, are stored at the
DSDP-East Coast Core Repositoty, -Lamont-Doherty-

Geological ObServatory, -Palisades, -New York.. The
-Gonvention uséd-here- in-discuSsing DSDT cores- i3

‘t6 115t -coreiSection; -depth within-the core «e.g.

core=40:1, 120vcm). -Sub=seafloor deptlis dre iu
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Mesozoic=Cenozoic formations of the North Amer-

" ican Basin-are described below in ascending strati-
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Cat Gap Formation

Reddish-brown, brick red, light green, and
greenish-grey clayey limestones interbedded with
reddish calcareous claystone characterize the Cat
Gap Formation. The type section is Site 105 on
the lower continental rise southeast of New York
(Figures 1 and 3, Tables 1 to 3). The formation
also has been sampled at Sites 99A, 100, and 391C.
The name is derived from the Cat Gap Channel near
Sites 99A and 100, where the formation was first
penetrated.

Type Locality. The type section, Site 105, is
62.4 m of clayey limestone and calcareous silty
claystone in which the carbonate content decreases
downward from 54% (559.8-570 m sub-bottom) through
29% (570-600 m) to 20% or less (600-622.2 m). The

clayey limestone is a mixture of neomorphic micrite

and clay minerals (mica, montmorillonite, and

kaolinite or chlorite traces). Quartz, zeolites,

pyrite, and heavy minerals occur in trace quanti-
s

10
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Borelioles that have cored sediments
of the Cat Gdp Formation. Formation
thickness (metres) in parentheses.
Seismic Horizon C correlates approxi-
mately with- the top of the Cat Gap
Formarion; boundaries indicate mapped
pinch-ouf -on basement and easternmost
occurrence: of Horizon-C ia basement
pockets: The eastern formation bound-
ary -lies-befieen magnetic anomalies-
M<25 and:Mz22.

Figure 3.

ties in the limestones and as minor components in
some of the more clayey beds (Table 4). The
organic carbon content averages only 0.11%.
Average porosity of sediments is 38%. Colors
include dark reddish-brown (10R4/4), pale red
(10R6/2), light green, and various shades of grey
(5G6/2,N7,N4). The red color characterizes the
more clayey beds, grey and greenish the more
carbonate-rich beds. Hematite is the main source
of red pigmentation (Lancelot et ol., 1972). The
commonly patchy occurrence of grey-green colors is
associated with burrows and bedding planes (Fig-
ure 4A) in which the iron is reduced. Much of the
claystone and some of the limestone is faintly
laminated to fissile. Sometimes the beds are
slightly undulatory with development of incipient
nodular texture. The current bedding is rare.
Elsewhere, burrow mottling is pervasive. Cyclic
units containing intraclasts (pebbles) of pelagic
red clay or white limestonec, overlain by graded
sand and silt and burrowed red clay in an upward-
fining sequence (Figure 4A) were interpreted as
pelagic turbidites by Bernoulli (1972). Deforma-~
tion ranges from small scale folding and faulting
to major disturbances interpreted as slump struc~
tures. Beds are typically almost horizontal, and
there is no indication of unconformities.

Microfossils of the Cat Gap Formation include
well preserved nannoplankton, a sparse to rich
foraminiferal fauna (simple arenaceous foramin-
ifera, lagenids, epistominids, and primitive
miliolids), poorly preserved radiolaria, calcis-
phaerulids (Cadosina), ostracods, and dinoflag-
ellates. Macrofossils include debris of the pel-
agic erinoid Saccocomz, echinoderm fragments,
pelagic bivalves (filaments), aptychi, rhynchol-
ites (ammonite beaks), barnacle parts and fish
debris (Luterbacher, 1972).

The Cat Gap Formation at Site 105 can be sub-
divided into a filaments microfacies (cores 40 to
37) and a Saccocoma microfacies (core 36 through
core 33). The filaments microfacies (Figure 4B),
which directly overlies basalt, is a variably
argillaceous biomicrite to calcareous claystone
containing nannofossils, filament-like pelagic
bivalves, foraminifera, ostracods, ammonite aptychi,
radiolaria molds, rare Sazccocoma, and fish frag-
ments. In the upper part of the microfacies,
short filaments and the calcisphaerulids (Cadosina
fibrata) are present. The Saceccoma, microfacies
(Figure 4C) differs from the underlying filaments
microfacies by the occurrence of the pelagic
crineid Saccocoma, the rarity or absence of fila-
ments, and somewhat higher average carbonate
content (34% vs. 23%).

Contacts. The Cat Gap Formation at Site 105
directly overlies basalt (Table 3, Figure 24).
This type of contact is typical only of the
eastern pinch-out of the formation against base-
mentr. Nearer the continental margin, seismic
reflection data indicate that the Cat Gap Forma=
tionh overlies older sedimentary units not yet
drilled (Figure 22). Thus we cannot define a
lover boundaiy stratotype. The upper contact is
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transitional for about one metre from reddish-
brown clayey limestone upward to light-grey chalky
limestone with a few pinkish or light-red inter-
vals. The contact is placed at the uppermost
occurrence of the dominantly reddish coloration
and at a distinct change in lithology and bulk
density.

Regional Aspects. Similar reddish-brown marls
and limestones were penetrated in the southwestern
part of the basin at Sites 99A, 100 (Hollister,
Ewing et al., 1972) and 391C (Benson, Sherircan
et al., 1978; Figures 3, 22). Compositional
variations are summarized in Table 4.

At Site 99A reddish marl alternates with
dominant white and greenish limestone and marl,
but core recovery was very poor. At Site 100
where the formation overlies basalt, the lower
part of the Cat Gap Formation is relatively homo-
genous greenish-grey argillaceous limestone with
some brownish~grey (5G67/1) and pale red laminae in
the lower part of the sequence (Table 3). This
part of the sequence was designated as a separate
unit by shipboard geologists (Lancelot ef al.,
1972), on the basis cof color and high carbonate
content averaging 667.

The upper part of the formation at Site 100 is
a reddish, laminated, locally burrowed, clayey
limestone with greenish-grey intervals. Current-
produced bedding, minor slump structures, and
small clasts of lithified white pelagic mud occur
near the top, together with several beds of cherz.
Slumping may be related to the site iacation on
the deep flank of a basement peak, which is evident
in a seismic profile across the si.~ (Hollister,
Ewing et al., 1972).

The presence of rare pelagic bivalves in the
lower greenish-grey subfacies suggests that it is
equivalent to the filaments microfacies at Site 105,
despite the difference in color. Pelagic bivalves
in core 7 resemhle "short'" filaments. The tpper
part of the formation at Sice 100 (cores 2-6) is a
poorly developed Sace.coma microfacies, and the
microfacies separation is less distinct than at
Site 105. Other fossils scattered through the
formation include echinoid fragments, plant frag-
meots, ostracods,, ammonite aptychi, naunoplankton,
silt-sized foraminifera, Globochaete, calcisphaer-
ulids, and rare chalcedony-replaced radiolarians.

& somewhat different development of the Cat Gap
Formation occurs in the Blake Bahama Basin at
Site 391C, as the Saccocoma and -filaments micro-
facies were hot observed. Here only the uppermost
86 m of the formati.a was -penetrated heforc the
hole was abandoned (Table 3 . Seismic data indi-
cate that more -than 400.m of sediments lie between
tne bottom of the hole and basement (Figures 3,
22). ‘The upper 45 m of the cored interval (cores
49 through 45) is alternating greenish-grey
(5G4/1) or white (N8) limestone, pale red clayey
limestone (25YR6/2), and dark reddish-brown
(5YR3/2) and olive-grey (5Y6/1) calcareous clay-
stone. Thesé form a broad tramsition zone between
underlying dark reddish-brown clayey limestone

with only a few dark greenish-grey layers (cores
54 through 50) and overlying light-grey limestone.
The uppermost cccurrence of red clayey limestone
at 1326 m (Table 3) is taken as the top of the
formation. Fossils and burrows, including Chon-
drites, are more common in the upper part. Radio-
larian molds replaced by sparry calcite, calcis-
phaerulids, chitinous shell debris, and raie
foraminifera occur in addition to nannofossils
which are falrly well preserved throughout the
formation. Calpionellids were observed in thin
sections in core 45:1, and Nannoconus is common in
core 49. The carbonate content averages 41.6% in
the lower part of the cored sequence and 67% in
the upper 47 m. Up to 357 aragonite also was
detected in the lower part.

Acoustic Character. The top of the Cat Gap
Formation is correlated with a reflector below
Horizon 8 at Sites 100 and 391C (Figure 5, Benson,
Sheridan et al., 1978). The reflector, named
Horizon C by Sheridan et al. (1978) shows lateral
gradations in reflectivity and is locally more
prominent than Horizon B (Figure 6). Associated
reflectors occurring within 50 m of Horizon C are
highly variable in intensity, perhaps indicating
lateral changes in lithology near the contact with
the overlying formation. This is supported by
similar lateral changes in internal velocity (Fig-
ure 5). At Site 105, there is no clearly defined
reflector correlating with the top of the Cat Gap
Formation. The site was drilled on top of a
basement swell, and deep reflectors lap ounto the
swell and pinch out at the site. The formatiom is
so thin in this region that it might not be
resolved by the long wavelength, low frequency
(25 Hz) seismic data.

Most of the available seismic reflection data
linking drill sites near the continental margin
are conventional single~channel, acquired with a
20 inch® airgum sound source. These records do
not clearly define deep reflectors in the thick
continental margin sediments so t.at detailed
seismic correlation between these .ites is dif-
ficult. A few recently obtained multichannel -and
large airgun reflection profiles in the basin
(Grow and Markl, 1977) do show Horizon C over a
wide area and this reflector can be traced to
sites 160 and 105 from Site 391.

Acoustic basement underlying the Cat Gap For-
mation-at Sites 100 and 105 is oceanic Layer 2.
The Cat Gap Formation overlies older crust at
Site 391C and a general eastward onlap of re-
flectors onto acoustic basement throughout this
region results in_a variety of prominent reflec-
tors appearing within or below-the Cat Gap Forma-
tion at this site.

In situ compressional wave velocities of sedi-
wments comprising the Cat Gap Formation are depen-
dent on the thickness of sedimentary overburden as
well as the physical character and composition of
sediments. At Site 100, where overburden thick-
ness is about 238 m, interval velocity calculated
from reflector-borehole correlation is 2.3 km/s
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(Hollister, Ewing et al., 1972). At Site 391C the
average value of shipboard measurements is 2.8 km/s
(Bensorn, Sheridan et al., 1978), but this figure

is lower than in gitu values of 3.4 to 4.3 km/s
(Figure 5) beneath 1326 m of overburden. Cat Gap
Formation intervel velocity at Site 105 is un-
known, but is probably higher than the 1.8 km/s
value calculated by Hollister, Ewing et al.

(1972) for rhLe thicker iiterval from Horizon B to
basement.

Age. The age of the Cat Gar Formation at the
type locality (Site 105) was broadly interpreted
to span the Oxfordian-Tithonian (Figure 7). an
Oxfordian~K‘mmeridgian age was established for
Sites 99 and 100 (Hollister, Ewing et al., 1972)
and at Site 391 the cored part of the formation is
Late Kimmeridgian-Tithonian (Figure 9; Benson,
Sheridan et al., 1978).

The basal greenish~grey subfacies of tne Cat Gap
Formation at Site 100 was considered by Hollister,
Ewing ez al. (1972) to be Callovian. The lowest
twe sedimentary cores (9 and 10) contain Bathonian,
Callovian, and Oxfordian dinoflagellates (Habib,
1972). The calcareous nannoplankton in these
cores are Callovian or Oxfordian (Hollister, Ewing
et al., 1972z), but according to Thierstein (1976;
see also Larson and Hilde, 1975) the nannoplankton
may be restricted to Oxfordian.

The association of pelecypod filaments, proto-
globigerinids, Globochcete, amrconite aptychi,
calcisphaerulids, and minor Saccocoma is charac~-
teristic of the Oxfordian in the western Mediter-
ranean Jurassic (Azema et al., 1974; Kuhry et al.,
1976) and a similar age for the filaments micro-

facies of tue Cat Gap Formation is considered
probable. Site 105 was drilled on the eastern
side of anonaly M-25, and site 100 is located in
the Jurassic magnetic quiet zone just older than
anomaly M-25 (Larsoun and iiilde, 1975; Schouten and
Klitgord, 1977). These age data tend to confirm
an Oxfordian age for M-25, as suggested by Larson
and Hilde (1975) and van Hinte (1976a,b).

Sedimentary rocks with common occurrences of
Sacecocoma in the Mediterranean region are gener-
ally assigned to the Kimmeridgian-Early Tithonian
(Gouzales-Donoso et al., 1971; Lehman, 1972; Azema
et al., 1974; Kuhry et al., 1976). Based on
microfossil associations at Site 100, 105 and
391C, an approximate Oxfordian age for the fila-
ments microfacies and a Kimmeridgian-Early
Tithonian age for the Saccocora microfacies arc
indicated.

Depositional Environment. The depositional
environment of the Cat Gap Formation can be in-
ferred from sediment composition and texture and
from composition and preservation of the fossil
assemblages. Coarse terrigeneous detritus is
absent. Fine quartz silt, mica, and clay minerals
were probably transported in suspension from
distant shelf sources. Plant debris and kaolinite
at Site 100 suggest contributions from continental
sources, posnibly by turbidity currents through
Cat Gap. Redeposited pelagic sediments at Site
100 and 105 are attributed to slumping from local
topographic highs.

Both the foraminiferal and ostracod assemblages
suggest a bathyal environment (Luterbacher, 1972;
QOertli, 1972), but the environmental significance

Figure 4.

Cat Gap and Blake-Bahama Formatious.

A. Clayey reddish-brown (10R 4/4) limestone, evenly bedded with thin
(light colored) greenish-grey (5G 6/2) laminae, and burrow fillings.
Prominent bed of graded detrital carbonate at 117 cm. Note the dif-
fuse boundary between green and reddish-brown zones, Cat Gap Formation

(Leg 11-105-38:3, $9-124 cm).

B. Filaments microfacies, with thin shells of pelagic pelecypods (F) and

calcisphaerulids (Stwninsphaera-C).

Thin section, ordinary light,

scale bar = 1 mm. Cat Gap Formation (Leg 11-105-37:1, 29 cm).

C. Sacrocoma microfacies, composed of fragments of pelagic crinoids {85)
displaying syntaxial calcite overgrowth, radiolaria replaced by sparry
calcite, and hematite-stained argillaceous micrite (thin section,

ordinary light, scale bar

1 mm).Cat Gap-Formation (Leg 11-105-33:4, 55cm).

D. Light-grey (X 7) nannofossil liméstone, with thin bed of greenish-grey
clay (56 6/1), indistinctly laminated and bioturbated. Microstylolites
are concentrated from 85 to 90 cm. Blake-Bahama Formation (Leg 44-391C-

42:3, 76 to 101 cm).

E. Chalky limestone, light greenish-grey (5G 8/1), nonlaminated and
heavily burrowed; interbedded with finely and évenly laminated darker
zones.of olive grey (5Y 4/1), soft clayey limestone. Contacts are
gradational. ‘Blake-Bahama Formation (Leg 11-105-28:1, 99 to 124 cm).

F. Intraclast of light-grey micrite containing calp‘onélllds (C) and

- sparry-calcite—teplaced Radiolaria, -enclosed in-brownish-stained-
’ biomigrite -(fhin section, ordinary light; -scale bar 1 mm). Near

~base of“he Blake-Béhama Formaticn (Leg 11--105=32:15 130 ¢m)-
y rograph- of -chalky- ximestone near -the -top of ithe
(Leg 11-105-17:1; 71" em)~

-Note fragmented-

acter -and ¢ f some of the nannofossxls and h1gh perosity
. of the-sediment. Scale bar

10=-pms -




0

|
|

e el . v s i o i e 6l ol MBS RN T T

EAST

KILOME TRES
100 1%
1 L
R m—— 1) R/V CONRAD MC1
o Fiéf\
£ . m;ms osnP
ER Hygperbol SITE
§ Rgl::t:l‘sc S?I
M
] R = T AR T, noots
&2 92 —— 250
= 04 225,
o F;\B 4& 2 gi____‘_ﬁ 304
a -t
Figure5. Line tracing of R/V Conrad multichannel
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* B Figure 1. Reflectors are discussed in
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from multichannel velocity analyses and
averaged in groups separated by dashed
lines. Velocities under Site 391 were
calculated from reflector/borehole corre-
lation.
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of these faunas is still poorly known (Funnel,
1967). The foraminifera are predominantly primi-
tive and arenacéous forms, and the ostracods are
dwarf and larval forms. Only isolated protoglo-
bigerinids were found at Sites 100 and 105.
Ammonite aptychi are relatively common but phrago-
mocones and casts of shells are exceptionally
rare. This suggests that deposition was below the
aragonite compensation depth (ACD), but relatively
common aragonite at Site 391C indicates that
; deposition occutred near the ACD. Luterbacher
(1972) noted that at Site 105, light-colored
clasts of shallower water origin (probably from
adjacent highs) were ificorporated in the red
mudstones (Figure 4F). which were probably de-
. posited- near the CCD. Deposition near the CCD
-, (Figure- 23) is also indicated by the low carbonate
content (14-20%) of cores 38.to 40 at Site 105:
Assuming Jurassic ridge=crest elevations similar
to those of today, tlie eastern reaches .of the Cat
Gap Formation (i.e. that part which has been
drilled) were deposited in a .bathyal environment.
Toward the west deposition may have been on an
older, presumably deeper; sea floor, but this has
to be proved by future deep drilling in -the conti-
nental -margin.
_ Sediménitation rates of -the Cat Gap Formation
(uncorrected for compaction): are about 8 m/m y. at

x

y
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Site 100, 10 m/m.y. at Site 105, and 14 m/m.y. at
391C. These rates, sediment composition, and
sedimentary structures all indicate thar the Cat
Gap Formation was formed by pelagic deposition,
occasionally interrupted by bottom cui vent, slump-
ing and turbidites.

Identifying Features. The Cat Gap Formation is
identified by its reddish-brown color, intercal-
ations of pelagic clayey limestone and calcareous
claystone, occurvence of incipient nodular tex-
ture, and presence of the seismic Horizon C near
the top of the formation.

Correlation with Other Units. A lithofacies
similar in color, composition aud fossil assem-
blage to the Cat Gap Formation was penetrated in -
che Cape Verde Basin (Site 367, lLancelot, Seibold
2%t al., 1978), indicating similar development of
the Upper Jurassic sequences in the eastern North
Atlantic (Jansa et al., 1978). The top of the red
marly limestones there forms a widespread reflec-
tor which Lancelot, Seibold et al. (1978) have
designated reflector C.

The lithofacies along the North American outer
shelf that are time-synchronous with the Cat Gap
Formation are shallow-water carbonate banks of the
Abenaki Formation on the Scotian Shelf (Jansa and
Wade, 1975), unnamed carbonate sequences of the
Great Bahama Bank (Meyerhoff and Hatten, 1974) and
seismically identified carbonate banks off the New
Jersey coastal plain (Schlee et al., 1976). Pos-
sible clastic equivalents are nonmarine deposirts
on the New Jersey coastal plain and continental
shelf (Perry et al., 1975;- Smith et al., 1976),
and fine-grained marginal-marine clastics (Mic Mac
Formation, McIver, 1972) of the Scotian Shelf and
Grand Banks (Jansa and Wade, 1975a). Some of the
shales of the Mic Mac Formation and an uanamed
clastic sequence at the base of the COST B-2 well
in the Baltimore Canyon Trough are highly oxidized
and reddish colored, but none of the deeper, outer
shelf sediments show a similar high oxidation
state (Jansa and Wade, 1975a; Jansa et al.,

1976).

Bernoulli (1972) compared the reddisn-brown
argillacgous limestones of the North American
Basin with the Alpine Ammonitico Rosso facies and

the Rosso.ad Aptici variant of the central Apen-

nines and western-Greece. The Rosso ad Aptici is
a red, green, and grey nodular marly limestone and
marl of Toarcian=Aalenian (Early Jurassic) age.
The basinal character of this formation is indi-
cated by 1ntercalated slump complexes and tur-
bidites (Bernoulli, 1972) and in this respect it
is the closest analogue of the Cat Gap Formation
of -the North Atlantic. The Ammonitico Rosso
facies, indicative of pelagic deposition over

-topographic highs (the swell facies of Bernoulli

and Jenkyns, 1974), differs considerably from the
Cat Gap -Formation by the -condensed nature of these
deposits;.-the -presence -of nonsequences at the base
and within-the -Ammonitico Russo, the presence of
hard-grounds, ferxomanganese crusts and coatings,

-and-the frequent olcurrence of worn ammonites.
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Figure 6. Processed segment of multichannel seismic reflection profile MC1 near

Site 391 (from Sheridan et a2l., 1978). Distance coordinates in kilometres

same as in Figure 5. Segment processed with common-depth-point gather, N
velocitry analysis, normal-move-out correction, 24-fold stacking, and time-

variable gain. The upper data suffer from ringing that is removed in the

lower data by deconvolution. Reflectors are more easily identifiable in

v

deconvolved data.

Blake-Bahama Formation

The light-grey, white and dark grey limestone
sequence that overlies the Cat Gap Formation and
is overlain by dark grey and black carbonaceous
shales (Figure 2) is here named the Blake-Bahama
Formation. The type section is at Site 391C
(Tables 1, 2 and 5, Figures 8 and 24) in the Blake-
Bahama Basin. The lithostratigraphic identity of
the Blake-Bahama Formation was recognized by
Lancelot ot al. (1972, p. 918), who déscribed it
as "Tituonian-Neocomian white and grey limestone".

Type Locality. At Site 391C, the type locality,
326 m of interlayered lithofacies range from
nedrly piré limeéstoné (74 to 967 caléite) through
rarly liméstone (45 to 69%) and sandy -limestones,
to calcareous claystone (16 to 32%)- These litho-
facies are grouped into threé Sobunits. The basal
107 m is bioturbatéd -¢layey limestone with olive~

grey (5Y4/1) calcareous clay and greenish (5G6/1
to 5G4/1) calcareous shale in well defined layers
2 to 3 cm thick and in wispy partings spaced about
10 cm apart (Figure 4D). Very thin intervals of
millimeter-thick laminated grey calcareous mud-
stone are interbedded in the upper 40 . The
bioturbated clayey limestones are whire (N8) to
light bluish-grey (5B7/1) and contain some stylo-
lites and many calcitized and pyritized radio-
larians: The middle subunic is 96 m of alter-
nating (1) millimetre-thick lam nated light grey
to olive grey or very dark grey clayey limestone,
(2) light bluish-grey -bloturbated clayey lime-
stone, and (3) black to very dark grey calcareous
claystone. These three lithologies alternate
every 3 to 100 c¢m without any apparent systematic
order. The uppermost subunit, 123 m thick, is
¢haracterized- by sandy lifestone -and calcarenite
beds up to 1w thick, wirh. thifi-dinterbeds of
cross=lamifated clayey 11mestgne. Light-grey-
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Figure 8. Boreholes that have cored sediments of
the Blake-Bahama Formation. Formation
rhickness (metres) in parentheses.
Horizon B correlates approximately
with the top of the Blake-Bahama lime-
stones; the eastern boundary indicates
mapped pinch-out on basement (after
Mountain and Tucholke, 1977), near the
magnetic anomaly M-11. This anomaly
has been interpreted by van Hinte
(1976) to be Valanginian in age.

limestone and dark grey mudstone (several centi-
wmetres thick) are interbedded with these clastic
lithologies. Scour-and-fill structures are common
in this interval.

The Blake=Bahama Formation limestones at the
type lozality consist of micritic calcite, clay
minerals (Table 6), and poorly preserved nanno~
fossils (Figure 4G). They contain abundant casts
of radiolarians replaced by calcite or pyrite.
Calpionellids and -calcisphaerulids are locally
common and foraminifers are rare. Ammonltg
aptychi and fish debris are-present in some of the
calcareous- claystone ldminae. Clastic intervals
of the uppér subunit contain-benthic foraminifers
and fragments- of other benthic- fossils: Mono-
crystalline-qaartz,. croclia cthi
plagioclase; abraded -ooids; and- “waod- fragments.are
compofients of the~clastic limgstones (Fréemani- and
Enos, '1978). The- dark—grey -calcareous claystones

contain finely disseminated organic debris, fre-
quent pyrite, aand fine quartz silt laminae. The
average porosity of the sediments is 22.5%, and

the average organic carbon content is 0.3%.

Contacts. Both the lower and upper contacts of
the Blake-Bahama Formation are gradational at the
type locality. The top of the Cat Gap Formation
grades into the Blake-Bahama Formaticn over an
interval of 45 m. As defined earlier, the tran-
sition zone occurs within the Cat Gap Formation so
that the Cat Gap contains interbeds of light
bluish~grey limestone, together with character-
istic reddish-brown and greenish-grey clayev
limestones and calcareous claystones that increase
in abundance downward. The boundary of the Cat
Gap an{ the Blake-Bahama Formations is defined at
the first downhole occurrence of reddish-colored
beds (Table 5). At Site 105 the lower transi-
tional zone is only a few metres thick, and this
is proposed as the Blake-Bahama Formation lower
boundary parastratotype (Table 2).

The top of the Blake-Bahama Formation grades
into black claystone over an intermittently cored
interval about 100 m thick in the type section, at
Site 391C. The boundary is placed between cores
13 and 14, above which the limestone is subor-
dinate to dark claystone beds. A boundary para-
stratotype is defined at Site 105 (Table 2) where
although the contact is again transitional over a
few metres it is more clearly defined than at
Site 391C.

Regional Aspects. The Blake-Bahama Formation
was cored at seven other sites in the Cat Gap
area, the Bahama Outer Ridge, the lower contin-
ental rise, and the Bermuda Rise (Figures 8, 24,
Table 5). At Site 387 on the Bermuda Rise the
formation rests directly on intrusive basaltic
basement (Tucholke, Vogt ef aZ., 1979). At
Sites 99A, 100 and 105, as at Site 391C, it
directly overlies the Cat Gap Formation (Figure
22). Lithificarion decreases in the Cat Gap area
(Sites 4, 5, 99A, 100) where the formation is near
the present sea floor because strecng bottom
currents have never allowed accumulation of
overburden thick enough to cause consolidation of
the sediments. The formation is represented here
by nannofossil oozes and chalks, containing rare
beds of quartzose and porcelanitic chert (Holli-
ster, Ewing et al., 1972).

At Site 387 on the Bermuda Rise the Blake-Bahama
Formation consists of alternating layers similar
to those described at the type section, except
that the darker limestones contain appreciable
siderite and dolomite, quartzose chert is common,
and no sandy limestones are présent. At Sites 101
and 105 the alternating layers are reduced to a
simple couplet of (1) hard, white to pale-grey,
bioturbated pure micritic limestone (Figure 4E),
and (2) soft, dark greenish-grey, laminated clayey
limestone. Light-colored limestone layers pre-
dominate: in the lower part of the fotmation
whereas dark=grey beds with fréquent zeolites,
became progressively more abundant upwards and are
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TABLE 5. GEOCRAPHIC DISTRIBUTION OF ‘THE .BLAKE-BAHAMA FORMATION IN THE NORTH AMERICAN BASIN

Region DSDP Location Top ® Base 'rhickness Age Position
Leg Site nk Core mt Core {n)
Blake~Bahamna 44 391+ 4991-1000.5 between 1325.7 45€:2,70 325.2- Barremi. 28°13.7°%,75°36.9'W
Basin . {-5955 -5964.51] 13C & 14C 334.7 Tithonia*
Bahama Outer 11 10l 580** between (691 TD) 10A >111 Neccomian 25°11.9"N,74°26.3'%W =
Ridge {-6448) £A & 9A E
Lower Conti- 11 105 403.3 17:1,30 559.8 33:2,27 156.5 Barremian- 34°53.7'N,69°10.4'W
nental Rise [-5€54.3]) Late Tithonian
Bermuda Rise 43 387 583.8-593.1 between 7928 49 core 199- ?Barremian- 32°19.2'N,67°40'%
[~-5701.8-5711.1]} 37 & 38 catcher 2C8 Late Berriasian
Unlithified Carbonate Ooze Lithofacies
Cat Gap Area 1 4 143-191 between (259 TD) 5 68~ Neocomian- 24°28.7'8,73°47.5'W
{-5463 -5511] 364 116 Tithonian
Cat Gap Area 1 5 154-185 between (281 TD) 7A >93- Hauterivian- 25°43.6"N,73°38.5'W
: [-5508 -5539] 306 45 127 Tithonian
Cat Gap Area 11 99 32%kk between 234%%% between 7200 Neocomian- 23%41.1'%,73°51.0'W
- {-4946] 2A & 3A 11A & 12A Tithonian
H
H Cat Gap Area 11 100 <203 above 1 23B%kk%k  between >35 Valanginian- 24°41.3"N,73%67.9'W
i [-5528) 182 Late Tithonian

Metres below sea floor. Range in values denotes interval without coring or recovery.
Depth below sea-level in square brackets.

—
—

H TD Denotes total depth penetrated; bottom of formation not penetrated.
§ B Indicates that the formation rests directly on basesent.
£ }1 Core locations given by: core number:section,depth in centimetres.
g **  Based on seiswic reflector; interval 543-599 m not cored.

il

AR Al

| Wyl

*%%  Based on reduction in drilling rate; intervals 2i-44 m and 202-235 m not cored; reduction in drilling rate 220-240 m.
*#%% Based on reduction in drilling rate; interval 212-238 m not cored.

+ Type localiry.

in transition to the black claystone of the over-
lying Hatteras Formation. At Site 105, slump
units, locally more than a metre thick, are con-
fined to the lower part of the formation (Figure
4F) below 500 m sub-bottom, and only small, minor
slumps are present at Site 101 (Lancelot et <l.,
1972).

At Site 105, calpionellids occur near the base
of the formation, but they are rare, poorly pre-
served, and recrystallized higher in the unit.
Calcisphaerulids were found at all sites. Nanno-
conids are common in some of the cores at Site 99A
(Lehman, 1972) and 5ite 391C (Wind, 1978). 1In all
the sités pri@it1ve arenaceous foraminifera are

,Eare, but small planktic foraminifera are even

iéss common (Luterbacher, 197z,. Aptychi are
re{ggively .commen and echinoderm, mollusc, and
ostracod debris occurs locally. The -aptychi-and
nannoplankton -are better preserved in -the marls

due to. less diagenetic alteration. The intens1ty

matter and quartz silt is common in dark-grey
calcareous clays.

Acoustic Character. Horizon B correlates with
the impedance contrast between- the calcareous
sediments of the Blake-Bahama Formation and the
overlying dark clays of the Hatteras Formation at
six sites where both the reflector and the contact
can be identified (Tucholke, 1979). This reflec-
tor can generally be traced above basaltic crust
older than Barremian age (Figures 6, 17, 24).

The eastward pinch-out of Horizon B on Hauterivian
to Barremian-age crust (Figure 8) provides rough
confirmation for the age of the upper boundary of
the formation (Mountain and Tucholke, 1977;
Tucholke, 1979). The acoustic character of
Horizon.f is variable. The reflector is best
developed in the Cat Gap region where- there is
little -overburden. Here B is a strong, crisp,
fairly smooth reflector capping a zone of acous-
tically laminated sediments including- the Blake-
Bahama Formation. -The acoustic lamination prob-
ably reflects varizble impedance 6f jinterbedded
Iimestones, chvrts, and marls. This acoustic
laminatioun is-not -always distinct ‘beneath -the
thicker sediments oY the -Blake-Bahawma- Cuter -Ridge
énd cohtinental-riéé, perhaps because of poor
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contrasts are reduced where overburden increasas
sediment consolidation. Farther east, Horizon
becomes ‘rregular because it more closely overlies
rugged -altic basement, and at its eastern
extremity the reflector is only intermittently
observed in basement depressioms. The acoustic
lamination of sub-B sediments is seldon well
developed in this region.

In all areas where Horizen 8 is observed, it is
not uncommon for other, generally weaker reflec-
tors to appear and fade laterally in the interval
50 to 100 m above B. This is particularly evident
at Site 391C (Figure 6) and at sites near the
Bahama Barks. These reflectors may be carbonate
beds within the overlying black clays, prob.bLly
derived from the adjacent, shallow carbonate
provinces (see Hatteras Formation, Site 4). They
suggest that Horizon B and the top of the Blake-
Bahama Formation is diachronous, reflecting the
local persistence of defrital carbonate sediment-
ation beyond the cessation of pelagic carbonate
deposition in the basin.

The base of the Blake~Bahama Formation probably
is marked by Horizon C at the top of the Cat Gap
Formation (Figure 6) as discussed previously.
Where the oceanic crust is younger than about
Tithonian, as at Site 387, Horizon C pinches out
and the Blake-Bahama Formation rests directly on
basaltic basement.

Compressional-wave velocities of the Blake-~
Bahama Formation vary with overburden thickness.
Shipboard velocity measurements on core samples
average 2.78 km/s in the top 250 m at Site 391C
and 3.31 km/s at the base. At Site 387 measured
velocities ranged from 1.8 to 4.7 km/s in various
interbeds. These measured values average less
than the in situ velocities calculated from cor-
relation of the borehole to the seismic record:
Site 391C -~ 3.50 km/s (1000 m overburden); Site
387 - 2.08 km/s (590 m overburden); and Site 100 -
(7} 2.05 km/s (presently no overburden). Intersal
velocities measured by the CDP method in the Blake
Bahama Basin are 3.2 to 3.6 km/s, close to the
calculated measuremeants (Figure 5; Sheridan et
al., 1978).

Age. The tlake-Bahama Formation has beea dated
at the type locality by nannofossils, dinoflagel-
lates, foraminifers, and aptychi and appears to be
Late ‘Tithonian-Barremian (Figure 9). At Site 105
the formation is also Late Tithonian-Barremian
(Figure 7), at Site 99A Tithonian-Hauterivian/
Barremian at Site 100 Late Tithonian-Valanginian
and at Site 387 Late Rerriasian _to ?Barremian
(Flgure 14). At Sites 99A and 100 the upper part
of the formation was not cored, and at Sites 4, 5,
and 101 the upper bnundary is also uncertain due
to the scarcity of microfauna and intermittent
cot;ng. At these sires the boundary is apparently
of Hauterivian to Barremian age.

Dépositional Environment. The B;ake-Bahana
Fornation at -the type locality is-a texturally
variable ‘sedimentary sequénce of alternating

18 JANSA

lamir. "ed and bioturbated iimestone intervals,
with graded sandy limestone intervals in the upper
part of the formation. The microfossils including
common radiclarians, indicate pelagic deposition
in an oxygenated deep bathval environment. The
relative paucity of planktic foraminifera and
presence of etched nannofossils at the type
section sr gests deposition near, but above the
CCD. Reconstruction of sitc paleodepth curves
indicates water depths possibly as great as 4500 m
in the type arez, and about 500 m shallower
depths, in other sites (Figure 23).

Seismic profiles across the Blake-Bahama Basin
show deposition of flat-lying sediments in a basin
uninterruvpted by basement peaks (Figure 5). The
alternately laminated and bioturbated sediments in
the lowcr part of the section at Site 391C may
include fine-grained turbidites originating from
the Bl-~ke Plateau. Some of the laminations may
represent reworking by bottom currents that
were intensiiied near the steep marginal escarp-
ment. Marked variations in thickness of the
formation observed in profiler records near the
Bghama Banks south of the type area led Mountain
and Tucholke (1977) to suggest that persistent
bottom currents created zones of preferential
deposition in the Early Cretaceous.

Turbidity currents were active duriung deposition
of the upper part of the Blake-Bahama Formation at
Site 391C, where graded limestone and sandy lime-
stone beds were deposited. The presence of
abraded oolites, quartz, and feldspar grains in
cross-bedded sandy iimestone beds at this site
indicate provenance from a mixed terrigenous and
carbonate shelf. Oolite banks were probably
developed at that time at the outer shelf margin
(Enos and Freeman, 1978).

In areas away from the continental margin
(Site 387) and on basement rises (Site 105), local
slumping of carbonate detritus from highs probably
formed ‘pelagic turbidites' (Lancelot et i.,
1972). However, the Blake-Bahama Formation at
these Sites is more characteristic of a pelagic
depositional environment.

Sediment accumulation rates average 7 to 10
m/m.y. at all sites, except at Site 101 where the
rate may have reaclhied 18 m/m.y.

Identifying Features. Light grey color, mic-
ritic limestone composition with abundant calcite
replaced radiolarians, occurance of stylolites,
presence of seismic reflector B8 near the upper
formation boundary, and the position of the for-
mation between underlying reddish-brown colored
limestones of the Cat Gap Formation and overlying
dark shales of the Hatteras Formation are identi-
fying features of the Llake-Bahama Formation.

Correlation with Other Units. Deltaic depos-—
ition dominated the Late Tithonian-Barremian on
the innéf7and middle North- Atlantic shelf north of
Cape Hatteras. Shallow-water limestones, locally
g_.hydrozoan--coral = sponge reefs, form a
discontxnuous belt situated along-the more stable
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parts of the outer paleo-shelf and over topogra-
phic highs. Fine grained limestones and calca-
reous clays were deposited at the same time in a
deeper outer shelf (Jausa and Wade, 1975a, b;
Smith et al., 1976, Perry et al., 1975). The
Upper Jurassic-Lower Cretaceous carbonate banks
north of the Blake Plateau are identifiable by a
strong seismic reflector which is approximately
Hauterivian on the Canadian margin (Jansa and
Wade 1975a). This seismic reflector is synchronous
with the seismic Horizon B in the deep sea and
thus both of these seismic reflectors may be
correlatable.

Extensive Upper Jurassic and Cretaceous car-
bonate deposits cover the Blake Plateau and
Florida-Bahama region (Meyerhoff and Hatten,
1974), but these shallow-water units cannot be
correlated satisfactorily with deposits in the
basin. An exceptton is shallow marine carbonate
at the Blake Nose (Sites 390, 392) which can be
paleontologically correlated with the top of the
Blake-Bahama Formation at the type section (Gave-
linella barremiana-Lenticulina sigali Zone of
Barremian age; Gradstein, 1978).

A lithofacies similar to the Blake-Bahama
Formation was cored at Site 367 in the Cape Verde
Basin (Jansa et al., 1978) and it outcrops on Maio
1sland of the Cape Verde Archipelago .(Stahlecker,
1933). Thus wide distribution of this lithofacies
in the central North Atlantic is indicated.

Bernoulli (1972) compared the lithified portion
of the Blake-Bahama Formation with the Late
Tithonian-Barremian Maiolica Formation of the
southern Alps and Apennines and the unlithified
portions of the Blake-Bahama Formation to the
Aptian-Albian more argillaceous Marne a Fucoidi
and Scaglia Variegata. On the basis of both
lithology and age, the Maiolica probably corre-
.lates better with the Blake-Bahama Formation.

Hatteras Formation

The Hatteras Formation as formally defined heré
is dark greenish-grey to black catbonaceous ¢l
and laminated marl widespread in the North Ameri-
can Basin (Ewing, Worzel et al., 1969; Hollister,
Ewing et al., 1972; Tucholke, Vogt et al.,

1979). The type section ig at Site 105 (Tables 1,
s 25 and 7) on the lower continental rise adjacent
to the Hatteras Abyssal Plain (Figure 1).

This formation was first sampled by piston
coring of the outcrop in the Cat Gap area (Saito
et al., 1966; Windisch et al., 1968) and first
drilled by DSDP at Size 5 (Ewing, Worzel et al.,
1969). The continuity of the sequence was recog-
nized by Lancelot et al. (1972) who described it
from Sites 105 and 101 as "Lower Cretaceous black
clays".

Type Locality. Af Site 105, the type locality,
113:2 m of dark -greenish-grey (5G5/1) to black
(N/1) carbonaceous, zeolitic, silty claystones
(Figure 11A) alternate with minor; lighter
gréeenish-grey (5Y4/1) claystoneés. The lower half
of the formatiop is gg§g;yiplgék3 but centimetres
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Figure 10. Boreholes that have cored sediments of
the Hatteras Formation. Formation
thickness (metres) in parentheses.
Subfacies are differentiated by indi-
cated patterns. Dashed line shows the
approximate eastward limit of black
clays.

to decimetre-thick black beds alterunate with dark
grey and green-grey beds of comparsble thickness
at the top of tne sequence. Contacts are sharp.
Burrows are common in lighter claystone beds, but
are lacking in the black claystones. Thin dis-
crete silty laminae containing siderite, pyrite,
clinoptilolite, cristobalite, and montmorillonite
occur throughout the formation; laminae colors
vary through grey, white, and brown (Figure 114).
Silty claystone, the dominant lithology, averages
65% clay-size particles. Clay minerals are dom-
inantly montmorillonite and mica, with less than
2% chlorite and kaolinite (Table 8). Zeolite
(clinoptilolite) is an important component
(Figure 11C), constituting up to 38% of the bulk
mineralogy in X-ray samples. _Carbonates, quartz,
cristobalite, feldspar, s{derite, pyrite, and
organic matter particles are minor constituents.
Calcium carbonate content is generally less than
2%, but a number of samples show a mode of about
25%. Organic carbon content varies from 0.1 to
4,87 with one value of 14.8% near the top of the
formation. Average porosity is about 557%. 7
Dinoflagellates and rare pyritized radiolaria
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are usually the only microfossils present. Foram-
inifera, mostly primitive agglutinated forms, are
rare except in a few intervals near the top of the
sequence with well preserved planktic forms

(cores 11 and 12, 304 to 322 m; Luterbacher,
1972). Nannofossils are absent except in the
uppermost and lowermos* portion of the formation.
The upper part of the formation is rich in fish
scales and teeth.

Contacts. The lower contact with the underlying
Blake-Bahama Formation appears sharp (Tables 2,
7), but the core is broken at this point, and some
sediment between the juxtaposed black clays and
limestones may be missing. Persistence of dark
grey colors, clay minerals, and carbonaceous
debris into the top of the Blake Bahama limestones
suggest that the contact is transitional.

The upper contact is defined at the uppermost
occurrence of black clays characteristic of the
formation (Table 7). This sharp contact divides
black, greenish-grey, and grey sediments of the
Hatteras Formation from variegated clays of the
overlying Plantagenet Formatica. A marked upward
decrease in pyrite and zeolite accompanies the
color change. A dramatic increase in organic
carbon content is found at the top of the type
section (core 9:4, 15 cm; 14.8% Corg) and also is
reflected in other sites where the upper contact
was cored (see below).

Regional Aspects. Dark cartonaceous clays were
encountered at six other sites in the North
American Basin (Table 7, Figures 10 and 23). Site

2?8 is omitted from Table 7 because of strati~
graphic mixing and poor recovery. Although no
major lithologic differences are encountered,
varying degrees of induration require designationms
of clay, claystone, or shale at various sites.
Minor differences in composition permit recog-
nition of three regional subfacies characterized
by: (1) zeolites (Site 105), (2) radiolarian-
and/or nannoplankton-rich beds (Sites 386 and
391C) or radiolarian chert (Site 5A) with only
traces of zeolites, (3) clay lackiag zeolites or
siliceous-calcareous lithofacies (101, 387). Type
2 subfacies probably characterize much of the
basin-margin and ridge~flank region of the Hat-
teras Formation. In these areas, siliceous and
calcareous debris were rapidly injected from
elevated peaks or banks to the adjacent deep basin
below the CCD. An extreme end-member of this
process occurs at Site 4 where sediments, although
dark grey in color, are dominated by pebbly mud-
stones with carbonate clasts of shallow-water
origin. The type 3 subfacies is probably more
typical of the remaining deep-basin Hatteras
Formation than is the zeolitic subfacies at

Site 105.

The Hatterass Formation overlies limestones and
chalks of the Blake-Bahama Formation at all sites
except at Site 386 where it rests on basalt. The
lower contact of the formation is gradational
through intervals which range from a few metres
(Site 105) to as much as 100 m (Site 391). The
upper contact with variegated clays of the over-
lying Plantagenet Formation is transitional over a
few metres or less at Sites 386, 387, and 391C.

TABLE 7. GEOCRAPHIC DISTRIBUTION OF THE HATTERAS FORMATION IN THE NORTH AMERICAN BASIN

Region DSDP Locatien Top 5 Base Thickness Age Position
Leg fite m* Core m* Core
Lower Conti- 11 105+ 290.1 "9:3,110 403.3 17:1,30 113,2 Cenomanian- 34°53.7'N,69°10.4'W
nental Rise {=5531} Barremian
Cat Gap 1 4 114 between 143~ between 29-77 Cenomanian- 24°28.7'N,73°47.5'W
[~5434) 2686 2A 191 3& 4 . Aptian
Cat Gap 1 5 71-85.3 between  ~145.1 between ~74.1 ?7-Early Albian 24°43.60'N,73°38.5'W
[-5425-5439.3] 3 & 1A 3A & 4A
Bahama Outer 11 101 230%*% between 580%* between 350 Albian- 25°11.9'N,74%26.3'W
Ridge {~5098) 34 & 4A 8A & 9A Barremian
Bermuda Rise 43 386 724.3 41:5,80 965B between 240.7 Albian- 31°11.2"N,64°14.9'W
{-5507.3} 65 & 66 Cenomanian
Bermuda Rise 43 387 478.4~ between 583.8- between 2105 Cenomanian- 32°19.2'N,67°40'W
488.5 29 & 30 593.1 37 & 38 Middle Albian/
[5596.4-5606.5) Hauterivian
Blake-Bahama. 44 391 690 6C - 3 991- between 29%.5-  ?Cenomanian- 28°13.7'N,75°36.9'%
Basin {-5355) - 1000.5 13C & 14 309 Aptian/Albian

Metres below seca floor. Range in values denotes interval without coring or recovery.
{}] Dbepth-below sea-level in square brackets -
10 Denotes total depth penetrated; bottom of formation-not cored.
B Indicates that the formacion rests.directly on basément.
§ Core locatlon given by: -core number: section,depth in_centimetres.
K Based on seismic reflecmm, in:ervals 203-250 w and” 563-599 m not cored:
-4 Type-locality.
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The sediments near the top of the formation at
Sites 386 and 387 have organic carbon contents as
high as 7.7% and 14.2%, but this was not observed
at Site 391C. At this site, the upper boundary of
the fcrmation is transitional in the upper 3
metres of core 6 and a disconformity may occur
within this transition zone. At Site 101 a major
hiatus separates the Hatteras Formation from
overlying mid-Tertiary hemipelagic muds. At Sites
4/4A and 5/5A the Hatteras Formation is overlain
by graded carbonate debris derived from the
adjacent Bahama Banks (Figure 24), and a Late
Cenomian to Early Turonian hiatus may be present
(Pessagno, 1968).

Acoustic Character. No consistently observed
seismic marker correlates with the top of the
Hatteras Formation (Figures 6, 17). A weak
reflector occurs near the top of the formation at
Site 386, but it cannot be definitely correlated
with the contact and is of only local extent
(Tucholke, Vogt et al., 1979). T.e absence of a
reflector is not surprising because in general the
physical-mechanical properties. and velocities of
the Hatteras and overlying Plantagenet Formations
are similar (Demars, 1978).

The interval corresponding to the Hatteras
Formation is normally acoustically nonlaminated or
very weakly laminated in low-frequency (less than
100 Hz) profiler records. On airgun profiler
records near Site 391C deconvolution removes much
acoustic reverberation in the interval above
Horizon B correspondiing to the Hatteras Formation
(Figure 6). The remaining internal reflectors
probably represent calcareous beds derived from
the adjacent Blake Escarpment. Sound velocities
in the Hatteras and overlying Plantagenet Forma-
tions calculated from borehole-reflectors cor-
relations are about 1,92 km/s at Site 386 (632 m
overburden), 1.75 to 1.93 km/s at Site 387 -
(444 m), 1.75 km/s at Site 101 (230 m), ?72.0 km/s
at Site 105 (240 m), and 1.27 km/s at Site 391
(649 m). Velocities directly measured on core
samples are scattered around these values, some
higher measured velocities reflect the preferen-
tial recovery of more lithified rocks during the
coring process.

Horizon B8 marks the lower boundary of the
Hatteras Formation above Barremian-and older
crust, as discussed above, and the formation
probabi; closely overlies .oceanic layer 2 (basalt),
in regions of yognger crust.

Age. -Ages established for the Hatteras Forma-
tion boundaries are variable, both because of
diachronism and because of poor control resulting
from discontinuéus coring and impoverished nifcro-
fauna (Table 7, Figures 7, 9, 13, 14). At the
Sit¢ 105 type-section the formation is Barremian-
Cenomanian (Figure 7). At Site 391C (Figure 9)
the formation ranges from Aptian (possibly Barre-
mian) to Albiah accérding to Benson, -Sheridan
et al. (1978). However G. Williams (Geol. Survey
of Canada; pers. comm.) has identified dinoflagel-

lates of Cenomanian age at the top of the black
clays in core 6. This may result from either
uncertainties in the biostratigraphy or the pre-
sence of an unrecognized hiatus between the
Hatteras and Plantagenet Formations. A similar
hiatus may occur at Sites 4 and 5 (Pessagno,
1968). The Hatteras Formation rests on Lower
Albian crust at Site 386 and extends into the Late
Cenomanian. An Albian-Cenomanian age span has
been determined for the Hatteras Formation at Site
386 (Figure 13; Tucholke, Vogt et al., 1979). At
Site 387 the formation is dated only by palyno-
morphs and extends from Late Hauterivian-Middle
Albian to Middle Cenomanian-Turonian (Figure 14).

Depositional Environment. The origin of the
thick dark carbonaceous claystones in the Atlantic
Ocean has been the subject of considerable specula-
tion (Hollister, Ewing et al., 1972; Fischer and
Arthur, 1978; Schlanger and Jenkyns, 1976; Dean
et al., 1978).

Mineralogic and fossil composition of the
formation in North American Basin sites suggest
pelagic and hemipelagic deposition in a deep
bathyal to abyssal environment below the CCD. The
black clay occurrence is not strictly depth-
dependent, as is indicated by lateral transitions
to shallower, dark-grey bituminous marl litho-
facies on the slope off Spanish Sahara (Site 369,
Lancelot, Seibold et al., 1978), southern France
and England (Schlanger and Jenkyns, 1976), and in
Venezuela (Miller et al., 1958) and Columbia
(Morales et al., 1958). In the western North
Atlantic, the entire basin below about 32G0 m was
intermittently anoxic (Figure 23).

The development of the black clays has been
interpreted to result from a highly stratified
water column, with stagnant or oxygen-depleted
deep water overlain by oxygenated and circulating
water (Schlanger and Jenkyns, 1976; Jansa et al.,
1978; Tucholke and Vogt, 1979). Oxygenated shallow
water is indicated by deposition of light-colored
Aptian-Albian nannofossil oozes at Sites 390 and
392 on the Blake Nose (Benson, Sheridan et al.,
1978). Sediments deposited on the continental
shelves during the ‘'black clay event' also show
normally oxygenated and current-influenced envi-
ronments (Jansa and Wade, 1975a; Suith et al.,
1976). Indeed, coral-rudist reefs appear to have
flourished along the North American coniinental
margin during this period (Douglas et al.,

1973). The interbedding of lighter, burrowed
sediments in the Hatteras Formation shows that the
anoxic conditicis were intermitfently destroyed
and the deep-basin bottom water oxygenated.

Tucholke and Vogt (1979) suggest that the
confinement of thick black=clay facies to the
Atlantic basins, the Caribbean, and the Indian
O¢ean indicate that circum-basin barriers to deep
flow were responsible for the stagnation. Another
hypothesis was proposed by Dean et al. (1978), who
considered that the black- clays were diagenetic
-facies and that reducing conditions developed
within the sediment as 4 result of increased
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organic productivity and subsequent decay of
organic matter in the sediment. The reducing
conditions may ha.a extended above the water-
sediment interface, as indicated by the lack of
bioturbation in black clays.

The conditions which caused the black clays to
be deposited were geologicaily rapid but not
catastrophic, as is indicated by the commonly
transitional contact between the Blake-Bahama and
Hatteras Formations. The rise of the CCD at the
onset of deposition of the Hatteras Formation
(Figure 23) may have resulted from decreased
productivity of skeletal carborate with resulting
depletion of calcium carbonate in the bottom
water, or from the development of acidic, stagnant
bottom water. Sediment accumularicn rates of 3 to
5 m/m.y. characterize the deep-basin sites, but
higher rates of 12 to 19 m/m.y. occur at Sites 101
and 391 near the continental margin and at Site
386 where local turbidites filled the paleo-ridge-
flank fracture valley.

Identifying features. The black and dark grey
or greenish-grey colors, clayey composition, lack
of bioturbation in the black beds, presence of
carbonaceous debris and usual absence of biogenic
carbonate are tie distinctive features of the
Hatteras Formation.

Correlation with Other Units. The period of
deep-sea black clay deposition corresponds to a
period of transgression on the North American
continental margin. On the Scotian Shelf clastic
rocks of Upper Missisauga to Logan Canyon Forma-
tions enclosing numerous coal beds were deposited
in a deltaic and shallow open shelf environment
(Jansa and Wade, 1975.). Similar transgressive
marginal-marine clastic sequences were penetrated

by the Esso Standard Hatteras

‘gt Well No. 1 om
Cape Hatteras, North Carolina, (Swain, 1952) and
by the COST B-2 well located in the Baltimore

Canyon Trough (Smith et al., 1976). All these
sequences are cnaracterized by the presence of
coal seams and coalified plant debris, enclosed in
sandstones and shales, but the bottom conditiouns
were generally oxygenated. Even though the shelf
sediments contain a high organic matter content,
they cannot be correlated with the deep-sea black
clay facies on jithologic criteria.

Plantagenet Formation

Varicoloured, locally zeolitic, noncalcareous
claystone forms a thin but widespread unit which
overlies the black claystone of the Hatteras
Formation throughout the ceantral part of tane North
American Basin. We propose the name Plantagenet
Formation fcr the variegated claystone. Planta-
genet Bank, the southwestern lobe of the Bermuda
pedestal, is located near the type locality at
Site 386 (Table 1, Figure 1). Deposition at this
site appears to have been continuous across the
upper boundary of the formation in contrast to a
widespread unconformity present at many other
sites.

The regional significance of the varicolored
zeolitic clays was recognized by Lancelot et al.
(1972), w10 described the unit as "Upper Creta-
ceous to jower Tertiary(?) multicolcred clays".

A thin catcareous unit near the top of the varie-
gated claystone is described separately as a
member of the Plantagenet Formation.

Type Locality. At Site 386, the type lccality,
92.3 m of the claystone is characterized by dusky
yellowish-brown (10YR2/2), moderate browr. (5YR&/4),

Figure 1l.

Hatteras and Plantagenet Formationms.

A. Black (N 1), zeolitic, silty claystone, with occasional thin silt

laminae, but mostly massive.

99-113 cm).

B. Hatteras Formation claystone rich in organic matter.
particles are lipids, brownish, elliptical,

Hatteras Formation (Leg 11-105-15:6,

Organic
and circular in shape

and 8 uym in average diameter (thin section, ordinary light, scale
bar = 100 ym) (Leg 11-105-15:1, 75 cm).

C. 2Zeolitic silty claystone of the Hatteras Formation.

Clay with pods

of quartz silt, minor zeolites (Z), and mica; pyrite, organric debris
occur in traces (thin section, ordinary light, scale bar = 100 um,

Leg 11-105-11:1, 101 cm).

D. Zeolitic claystone of the Plantagenet Formation, very finely lam-
inated with irregularly banded dusky yellowish-brown (10 ¥R 2/2),

and-modetate brown (10 YR 4/4) colors.

Note dark color cucting

acroés laminae at 56 and 63 cm (Leg 43-386~38:4, 43-73 cm).
E. Bluish-white (5B 9/1) and light greenish-grey (5G 8/1) limestone of

the Cfescent Peaks Member in contact with ovérlying dusky red (10R

3/5) cldystone of the Plantagenet Format1on (Leg 43-386-35:4, 1-23 cm).

F. Scanning electron micrograph of claystone from the Plantagenet
: Formation (Leg 43-386-35:2, 98 cm).
and strong lineation
ning electron mlcrogtaph of chalk from the Crescent Peaks Mem-
5-13 2, 53.cm}.
ed by nannofos51ls, some of which,are well preseived.

of ciay particles.

Note dominantly clay composi-
Scale bar 30 ym.

In-contrast to phetograph (F), sedi-
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Boreholes that have cored sediments of the Plantagenet Formation and
Crescent Peaks Member. Italicized numbers show thickness of Crescent
Peaks (metres). Thicknesses in parenthesis are of Plantagenet Formation.
Seismic Horizon A* (top of Crescent Peaks Member) and approximate eastern
limit of the formation adopted from Tucholke and Mountain (1979).

and dusky dark red (10R315) colors, with some
light greenish-grey (568/1) beds.a few cent..ctres
to decimetres in thickxness (Figure 11D). The
sequence coasists of a reddish-brown interval with
increasing green-grey intercalations in the lower
: part (cores 41, 40), a variegated reddish interval
in cores 39 and 38, and a reddish-brown interval
(cores 36 to 35). Zeoli.es (clinopfilolite,
phillipsite) forsi 6 to 20% of the sedimeiit in the
central, variegated section; the remaining com-
ponents are clays (illite and:montmérillonite, 60
to 80%) and, {i order of decreaSing abundance,
quiartz, disordered cristobalite, and® feldspars
(Table 10). -Iroti-and manganese oxides including
micronodules, and traces of sidérité (?) are
obiserved in smeafr slides. ~The upper- and lower
reéddisli-claystones -differ in- that -they contain
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only traces of zeolites and altered ash, and they
have 5 to 15% chlorite and kaolinite. Rare primi-
tive agglutinated foraminifera -and poorly pre-
gerved radiolarians also are -present. Thin,
irregular lamination is the only sedimentary
structure in this formation. The upper part of
the formation contains a disti.:étivé calcareous
unit (in-Core 35, Crescent Peaks Member; Figure
11E), described later.

Contacts. The Plantagenet Formation overlies
the black clays of the Hatteras Formation in a
transitional Zone of interlaminated red and green-
grey claystones a few meéters thick. -At the type
locality, -the lower contact of the Plantzgenet
Formation is defimed at the uppermost occurreice

of “dominantly green-gréy and black beds, although
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occasional reddish colors recur deeper i the
Hatteras Formation. The contact also marks a
downward change in mineralogy to more quartz-rich
sediment with less clay, consisting entirely of
illite and montmorillonite.

The upper contact at Site 386 occurs in a 19 m
uncored interval below siliceous claystones of the
overlying Bermuda Rise Formation. Low accumu-
lation rates of 2 to 3 m/m.y., calculated for this
interval, suggest that the pelagic red clays of
the Plantagenet Formation comprise most of the
uncored interval.

The contact of the Piantagenet Formation with
the overlying Bermuda Rise Formation has been
cored at two other sites, 385 and 387 (Figure 24).
At Site 385 the contact is placed at 165 m sub-
bottom (between cores 6 and 7) where there is a
sharp compositional change from Plantagenet clays
rich in zeolites with palagonite and amorphous
iron-oxides, to the overlying siliceous, cherty
Bermuda Rise Formation. The color change is not
sharp; the upper part of the Plantagenet Formation
at Site 385 is yellow-brown, brown and green-grey
and is locally silty.

At Site 387 the contact is very gradational
between 376.6 m and 444.2 m subbottom (Figure 24).
Red-brown and greenish variegated clays are found
as shallow as 377 m, but cherty siliceous sedi~
ments of the overlying Bermuda Rise Formation

persist as deep as 413 m subbottom. Picking the
upper boundary on color alone is also complicated
by the fact that black clays similar to the
Hatteras Formation recur in this interval.

At Sites 385 and 387, the Plantagenet Formation
above the Crescent Peak Member has very little
kaolinite (<5%) or chlorite. This mineralogy may
be characteristic of tite tup of tihe Plantagenet
Formation, up to 19 m of which was uncored at the
Site 386 type locality.

An alternative is that the sequence above the
Crescent Peak Member at Sites 385 and 387 repre-
sents a separate lithologic unit from the Planta-
genet Formation as suggested by changes in color
and sediment composition. With presently avail-
able data, we cannot satisfactorily resolve this
question.

Regional Aspects. Variegated claystones were
penetrated in seven other sites on the Bermuda
Rise (Sites 7A, 9A, 387), New England Seamounts
(382, 385), lower continental rise (105), Blake-
Bahama Basin (391A,C), and perhaps on the Greater
Antilles Outer Ridge (28) where a few fragments of
red and variegated claystones were recovered
(Table 9, Figures 12, 24). Composition of the
claystones is variable. For example, zeolites are
not reported from Sites 7A, 387 and 391 (Table
10). Clay minerals comprise the bulk of most

TABLE 9. GECCRAPHIC DISTRIBUTION OF THE PLANTAGENET FORMATION IN THE NORTH AMERICAN BASIN
Region DSDP Location Top ¢ Base P Thickness Age Posizion
leg Site ok Core m* Core (m)
Bermuda Rise 43 386+ 611.9-632.0 between 724.3 41:5,80 92.3- Paleocene- 31°13.2'N,64°14.9'W
[5394.9 -5415} 34 & 35 112.0 Cenczanian
Bermuda Rise 1 7 236-278 between (296 TD) 3A 18-60  {(undated, 30°08.0"N,68%17,8'W
{5421 - -5463] 2 & 2A*% pre-Eocene)
Bermuda Rise 2 9 682-765%% between 8348 between 69 "Cretaceous”- 32°46.4'N,59°11.7'W
[5663 - -5746] 1A & 3A 5A & 6A Campanian
Lower Conti~ 11 105 193-241 between 290.1 9:3,110 49-97  Tertiary?- 34°53.7"1:,69°10.4'W
nental Rise [5444 - =5492} 4 &5 overlies late
Cennaanian
Nashville 43 382 352 15:5,10 385.3 19:2,54 ~33 Campanian 34°25.0"N,56°32.3'W
Seamount [-5879]
Vogel Seamount 43 385 165 between 283 16:3,146 118 early 37°22.2'N,60%09.5'W
{~5121} 6&7 Paleccene-
Coniacian?
Bermuda Rise 43 387 376.6~444.2 .23:2,82 478.4=- between 2103 overlies 32°19.2'N,67°40.0'W
. {-5494.6 -5562.2] through 488.5 29 & 30 early Eocene-
) 27:2,148%4% Cenomanian
Blake-Bahama &4 391 649 21A 691.5 6C:3 42,5 overlies 28°13.7"8,75%36.9'W
[=5613] Cenonanian

® Hetres below sea floor.~
{] Depth below sea level in square brackets.
itionals bgundary .

that the formation rests.dired ly on:basement.
ation given:-by: core number:s

ars lo contain- dounhole

Range in- values denotes interval without coring or recovery.

stotal depth penetrated;-bottom-of-the-formation was not cored.

5 - (core catcher contains Upper Cretace:us microfauna)
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samples and kaolinite and chlorite are more abun-
dant than in the Hatteras Formation. Manganese
micronodules are present in some claystone beds
from the upper part of the formation at Sites 7A
and 9A. Volcanic glass is uncommon in claystones
at Site 387, but is a persistent, minor component
at Sites 382, 385, and 386 which contain volcani-
clastic detritus derived from the New England
Seamounts. Volcanic glass and sheli-derived
quartz silt also form some laminae in the varie-
gated clays in the Blake-Bahama Basin (Site 391C).
Limonite (?Fe-Mn) nodules are also present at Site
391A in the upparmost part of the formation {core
21). On the lower continental rise (Site 105) the
claystones display color variations with bands of
pale brown, red, white, yellow, orange, pink,
reddish~brown, purplish, black, ard pale green.
These claystones are composed of montmorillonite,
mica, and kaolinite. Zeolites, principally
clinoptilolite, with minor heulandite(?) and
phillipsite are present in the upper part of the
formation; quartz is common, and feldspars are a
minor constituent. A striking feature of the
Plantagenet Formation at Site 105 is enrichment of
the heavy metals, Mn, Zn, Cu, Pb, Cr, Ni, and V
(Lancelot et al., 1972). The resultant mineral
assemblage includes sphalerite and todorikite (Mn-
oxide) along with a variety of iron minerals
(pyrite, siderite, goethite, hematite, and iron
montmorillonite). The Plantagenet Formation is
almost completely devoid of fossils at all sites,
with only occasional traces of primitive agglu-
tinated foraminifera, radiolaria, and phosphatic
fish debris. Nannoplankton are only locally
common (Sites 386, 387).

At all sites where the Plantagenet Formation was
completely penetrated by drilling, it is underlain
by ihe black claystcnes of the Hatteras Formation
or by basaltic basement. The boundary normally is
transitional over a few decimetres to a few metres.
Thin beds of variegated nonzeolitic clays similar
in color tv the Plantagenet Formation are locally
interbedded in the middle part of the Hatteras
Formation at Sites 391C (Core 10) and 386 (Core
46).

The Plantagenet Formation is overlain by chert
and siliceous clays of the Bermuda Rise Formation
at Sites 7A, 9, 28, 385, 386, and 387, and it is
truncated by an erosional unconformity at Sites
105, 382 and 391C (Figure 24).

The Plantagenet facies at Sites 382 and 385 are
unusual as they contain volcaniclastic debris up
to sand size emplaced during the construction and
weathering of Nashville and Vogel Seamounts,
respectively (Tucholke, Vogt et al., 1979). At
both sites we consider thé base of the Plantagenet
Formation te lie at thé First downhole occurrence
of coarse basalti¢ breccia.

Acoustic Character.
Formatzon is not markea by a

The base of the Plantagenet
11 defined reflec-

nonlaminated (Plantagenet) to an acoustically
laminated sequence of cherty sediments in the
Bermuda Rise Formation, but this correlation is
not always observed. Nearer the continental
margin, at Sites 105 and 391C, the erosional
unconformity at the top of the Plantagenet For-
mation is a well defined reflector, Horizon A
(Tucholke, 1979). Within the Plantagenet Forma-
tion, the top of the Crescent Peaks Member corre-
lates with Horizon A* (discussed below). Sound
velocities in the Plantagenet Formation are
similar to those in the Hatteras Formation, as
noted earlier.

Age. Despite a general lack of fossils in the
variegatred claystone, several approximate age
determinations are now available. At the Site 386
type locality, Middle Paleocene nannoflora overlie
Maastrichtian sediments at the top of the forma-
tion (core 35). The sediments near the base of
the formation (core 44) are Cenomanian in age
(Figure 13). At Site 387 (Figure 14) the upper
transitional interval above the carbonate member
contains nannofossils of Early Eocene (core 23)
aund Paleocene (cores 24 to 26) age. The lower
part of the formation overlies Cenomanian beds and
contains a Campanian-Maastrichtian nannoflora.

The interval above the carbonate member at Site
385, tentatively assigned ro the Plantagenet
Formation (cores 7 to 11), contains an Early
Paleocene nannoflora at the base. At Site 105 a
speculative Tertiary age (Figure 7) from dino-
flagellates for the upper part of the formarion
may result from downhole contamination. At

Site 391C the uppermost core in the formation is
unfossiliferous, but the underlying core 4C con-
tains palynomorphs not younger than Campanian
(G. Williams, pers. comm.). The base of the
Plantagenet Formation at this site overlies beds
dated Cenomanian (G. Williams, pers. comm.;
Figure 9).

Depositional Environment. The Plantagenet
Formation is a pelagic deposit which accumulated
in an oxygenated environment, in contrast to the
underlying Hatteras clays. Accumulation rates
were very low (less than a few metres per million
years), alrhough local abundance of kaolinite and
chlorite suggests some terrigenous influence even
on the Bermuda Rise. The lack of calcareous
fossils indicates deposition below the CCD and trhe
paucity of siliceous microfossils also suggests
minimal surface productivity. Compositionally,
the Plantagenet clays are very similar to the mid-
plate, mid-gyre 'red clays' presently being
deposited in the Nerth Pacific¢ but differ in
having greater concentrations of metallic ioms.
The minerals formed in these clays at Site 105
prompted Lancelot 2t gl.- (1972) to compare the
Plantagenet clays with the Red Sea brine .deposits
and speculate that the enrichment in metallic ions
was due to volcanic hydrothermal exhalationms.
Hovever, .the formation at most sitas is not near

any recognized spreading centre or active rift,
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Figure 13. Multiple biostratigraphy of Site 386 located on Bermuda Rise.

and the widespread distribution of the formation
as now recognized makes this comparison even less
persuasive. An alternative explanation by Arthur
(1979) is that enrichment of metrallic ions was
caused by upward diffusion and-dewatering of the
thick underlying black clays. The very long time
interval, perhaps 30 m.y., reprecented by this
relatively thin unit also suggests that the
Flantagenet Formation éither fépresents an
extremely condensed: sequence or includes unde-
tected=hiatuses. Thus: submarine weathering -may
have-played ‘a- role in=the removal of fossils; ¢
oxidation of iron, and .thé concentration-of heavy
met The 1ccal -3l undance o£ zeolites and

e ic the
volcanic act:v;ty of the- Kelvim Sgamcunt chain..

30 JANSK

Near the seamounts the Platagenet Formation
probably intertongues with coarse volcaniclastic
debris as suggested by Sites 382 and 385 (Figure
24).

Identifying features. The variegated colors,
clayey and locally zeolitic composition, lack of.
biogenic carbonateé, low accumulation rates and
presence of seismic Horizon A* in the upper part
of the unit are distinétive features of the
Plantagenet Formation.

Correlation with:-Other Units. No lithologic
unit similar to the Plantagenet Formation is knc
on thé North American- margin: -Synchronous;
greenish—grey, calcaréous- glauconitic claystones

Fwd
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and rare sandstones were deposited on the North
American margin in a shallow to moderately deep
shelf eovironment (Jansa and Wade, 1975a; Smith
et al., 1977). The Plantagenet Formation also
lacks a well defined counterpart in the eastern
North Atlantic, where mainly greenish-grey clays
and marls were widespread at approximately the
same time (Lancelot, Siebold =zt gl., 1978).
Exceptions are in the Cape Verde Basin, Site 367
(Jansa 2t 2., 1978), and west of the Iberian
Peninsula, Site 398 (Ryan, Sibuet et ai., 1976)
where Upper Cretaceous variegated claystones
similar to the Plantagenet Formation occur. The
influence of highly oxygenated waters on sedi-
mentation extended into the Tethys regionm, as
suggested by the presence of Upper Cretaceous
reddish marls and clays exposed in the Bettic
Cordillera and Lombardy Basinm in Italy (Jamsa, in
press).

Crescent Peaks Member

A relatively thin but lithologically conspicuous
unit of nannofossil chalks, marls, and limestcnes
in the upper part of the Plantagenet Formation is
named the Crescent Peaks Member. The name is
derived from a series of basement peaks west of
Bermuda that were originally named by Heezen
et al. (1959; Figure 1). The type locality is at
Site 387 (Table 11, Figure 12) where 25.2 m of
homogeneous, moderate olive to light olive-grey
marly chalk is intercalated with subsidiary
calcareous claystone (Figure 11E). The chalk is
composed of micritic carbonate (42%) including
nannofossils (10%), and foraminifera (27); other
constituents being montmorillonite, mica, minor
kaolinite, chlorite and quartz (Table 12). The
contact with the underlying red-brown and green-
grey claystone was not yecovered, although coring
was continuous: the contact probably is sharp like
the upper contact with dark greenish-grey clay-

" stone (Figure 11E).

Regional Aspects. Comparable carbonates were
recovered at Sites 385 at Vogel Seamount and 386
on the Bermuda Rise (Figure 12, Table 11). At

1IN THE NORTH AMERICAN BASIN

Site 386 light greenish-grey, laminated marly
limestone 2.4 m thick is enclosed by sharp con-
tacts within reddish claystones of the Plantagenet
Formation. At Site 385, 36 to 46 m of ligit
greenish-grey marly rannofossil ooze is i~rer-
calated with a few beds of calcareous silty clay
containing volcanic glass and zeolites. The unit
is underlain by yellowish-red clay with interbeds
of greenish-grey vitritic clay but the contact was
not corad. It is overlain by brownish-grey
zeolitic clay, with a sharp burrow-mwottled con-
tact.

Since deposition of the Crescent Peaks Member
probably indicates regional depression of the CCD
(see Deposirional Environment) the unit may be
correlative with thicker ridge-flank carbonates
cored at Site 10 (Figures 1, 22). The intervening
Site 9 did not recover carbonates correlative with
the Crescent Peaks Member, but there was a 75 m
coring gap at the appropriate level (Figure 24).
Seismic mapping of Horizon A* (sce below) suggests
that the Crescent Peaks Member extends over Meso-
zoic crust in the entire basin to paleodepths of
approximately 5300 m.

Acoustic Character. The top of the Crescent
Peaks Member appears to correlate with seismic
Horizon A* on the Bermuda Rise {(Figure 17;
Tucholke, Vogt e¢f ai., 1978), but the reflector is
not clearly indicated in the seismic section at
Site 385. Horizon A* merges with o- closely
underlies the Horizon A~ unconformity at Site 1053
if present at Site 105, the Crescent Pezks Member
may have been missed in a 49 m uncored interval
above the highest Plantzgenet clays recovered in
core 5.

The limits of distribution of Horizon A%
{Figure 12) probably indicate lateral facies
changes in the sedimentary section (Tucholke,
1979). To the west, Horizon A* becomes weaker and
is difficult to trace within a cthick series of
continental margin reflectors. Tnese reflectors
may represent pregradation of continental margin
turbicites and fans in the Late Cretaccous and
Early Cenozoic. Horizon A* is truncated by the
erosional unconformity marked by Horizom A,

TABLE 11. GEOGRAPHIC DISTRIBUTIOR OF THE CRESCINT PEAKS MEMBER OF THE PLANTAGENZT FORMATION

Regicn DSDPr Location Top
Leg Siea =% Core

Base Thickness Age
nk Core (=)

[-5562.2]

Seamount {-5161.8}

Bermuda Rise 43 387" asaa2 27:2,148

Vogzel a3 385 205.8  11:2,125

469.4  28:1,159 25.2 LateMiddle

aastrichtian
241 between 36.2-46.2 Earl; Paleocene-
throughk 13 & 14 Hiddle
251 Miastrichrian

{]  Depth below-ser-ievel in squaré brackets.

Berauda Rise 43 386 636.6 35:4,15 639 35:5,100 2.4 Middle
{-5413.6] Haastrichtian

* Type loczlity.’- * B B

* . Metres-below sex-floor. .Rarge in values denotes interval without coring or recovery.




TABLE 12, CHARACTERISTICS OF THE CRESCENT PEAKS MEMBER#*
Region Leg Site Carbon/Carborate Mineralogy (X-ray Diffraction) Porcsity
N CaC03 Organic N Quartz Feldspar Carbonate Mica Chlorite Montmor- Zeolite N %
(bulk illonite
sample)
Bermuda Rise 43 387+ 3 42.0 2b 6.5 45.0 16.4 3.3 23.9 0 2 43,5
£1,73 0.7 £7.1 2.7 £3.5 +15.9 20.2
Vegel 43 385 3 42,33 0.08 3b 14.0 3.0 29.7 20.9 5.0 3.8 0.3 3 52,1
Seamount 4.93 £3.4 26.5 3.9 1.4 3.0 0.6 £3.3

erruda Rise 43 386 1 57.0 20

B
~Ww

+ &=
-0
oo
(=4
-
~
~
~F

b analysis of bulk samples
* no grain size data available
+ type locality

beneath the continental margin south of Cape
Hatteras (Tucholke and Mountain, 1979). Horizon
A* also disappears toward the east on the Bermuda
Rise, probably because the clay/carbcnate impe-
dance contrast creating the reflector is lost in
the ridge-flank carbcnate province.

Age. Well preserved nannofossils and foram-
inifera indicate a Middle to Late Maastrichtian
age for the unit at Sites 386 and 387 and a
Middle Maastrichtian to earl..st Paleocene age at
Site 385 (Okada and Theirstein, 1979).

Depositional Environment.  The composition and
homogeneity of .2 Crescent Peaks Member indicate
pelagic derposition in a quiescent, oxygenated
environment above the CCD (Figure 23). The cause
of the sharp depression and subsequent rise of the
CCD in the Maastrichtian is uncertain but may
refl - dramatically increased upwelling and
productivity in response to changing surface
circulation patterns.

Correlation with Other Units. The Crescent
Peaks Member is approximately correlative with a
litholeogically identical foraminiferal -nannofossil
chalk (the Wyandot Formation) on the Scotian Shelf
and Grand Banks (Mclver, 1972). The Wyandot Chalk
is associated with the maximum Late Cretaceous
transgression and with a sharp decrease of
terrigenous-sediment input to the shelf (Jansa and
Wade, 1975a,b). Syunchronous chalk deposition
occurred on the coastal plain in central Alabama
(Prairie Bluff Formation, Copeland, 1969). 1In
DSDP boreholes, chalks of this age also occur at
Site 4A near Cat Gap, and nannofossil ooze at
Site 390A on the Blake Nose, Site 384 on the J-
Anomaly Ridge and Site 10 on the mid-ocean ridge
flank. These occurrences indicate very widespread
chalk deposition in the latest Cretaceous. The
chalk on the Scotian Shelf forms a strong seismic
reflector which can be followed across the shelf
and down the -continental slope (Jansa and Wade,
1975a) to the deep basin. Although seismic con-
tinuity has not been demonstrated; it is possible

that this reflector will prove to be correlative
with Horizon A%,

Bermuda Rise Formation

The Bermuda Rise Formation is a suite of sedi~
ments enriched in biogenic silica and chert,
generally Early Eocene in age but ranging from
Paleocene to early Middle Eocene. The common
occurrence of chert within this formation makes it
one of the most readily correlatable units litho-
logically and seismically in the North American
Basin, but the most difficult to core. The name
is taken from the Bermuda Rise, site of the type
locality, where the formation is particularly
thick and readily traceable seismically.

Type Locality. Site 387 is designated as the
type locality (Tables 1, 2, 13, and Figure 15).
Here the formation is about 200 m thick and con-
sists of chert, silicified claystone, radiolarian
mudstone, aud calcareous mudstone. The claystone
and chert are greenish-grey (5V4/2; to olive-grey
(565/1); the radiolarian mudstone and nannofossil-
rich claystones are somewhat lighter. The chert
consists largely of porcelanite. The content of
siliceous organisms, psrticularly radiolariams, ‘s
high (Table 15). Other constituents are mont=~
morillonit>, micu, carbonate, quartz, feldspars,
zeolites and up to 18% of cristobalite (Table 14).

At Site 387 primary sedimentary structures and
compositional variations define cycle: that arve
reminiscent of Bouma sequences (McCave, 1979).

The base o» each cvele generally is sharp and
consi:..s of (1} a relatively coarse-grained,
structurele ' unit of sponge spicules and large
radiolaria foliowed by (2) a laminated radio-
larian rad interval, (3) a structureless interval
enriched in carbonate (nannofossils or micrite),
and (4) a light-colored mottled interval which
grades into (5) a darker mottled radiolarian mud
interval. Chert generally is formed in the upper
dark mottled interval, but chalcedony replacement
of siliceous fossils in the lowermost interval is
Coarser rhythmic seguences occur in

also common.
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Figure 15. Boreholes that have cored sediments of the Bermuda Rise Formation.c Forma-
tion thickness (metres) in parentheses. Distribution of Horizon A~ (top
of sermuda Rise cherts) is indicated (not bounded by solid lines where
extent is uncertain); based on Tucholke (1978). Horizon 4% is truncated
by Horizo® AU (erosional unconformity) along the continental mazgin.

the Bermuda Rise Formation at Site 6 and possibly

+at Sites 7 and 8. At Site 386 the sequences are
too fine grained to-be megascopically observable,
but they are cryptically graded (McCave, 1979).

Contacts. The base of the forration at Site 387
is transitional to the -Plantagenet Formation over
a 31 m interval beneath the lowest porcelanite.
The radiolarian content is diminished in this zcne
(Table 15), although mineralogically the transi-
tion interval is indistinguishable from the
Bermuda Rise Formation (Table 15; Koch and Rothe,
1979).. -Color banding is prominent but is in
gsomber shades atypical of the underlying Planta-
genet Formation, and it may reflect rhythmic
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sequences comparable to those noted above
(Tucholke, Vogt et al., 1979). The base of this
transitional zonme coincides with the top of the
calcareous Crescent Peaks Memuer. The upper
contact of the Bermuda Rise Formation is placed at
the first downhole appearance of chert (Site 387,
223.8 m subbottom), which corresponds to seismic
Horizon A” (Figure 24). It is overlain by

graded be.- of biogenic-siliceous clay.

Regional Aspects. The Bermuda Rise Formation
has been cored on the Bermuda Rise (Sites 387,
386, 6, 7, and 9) eastward toward the Mid-Atlantic
Ridge (Site -10), between the Sohm and Hatteras
Abyssal-Plains (Site 8), at Vogel Seamount (Site




385) and on the continental rise (Site 106,
Figure 15). It is missing beneath a major uncon-
formity under the continental rise and notably in
tue Blake-Bahama Basin and Cat Gap area but was
encountered at Site 28 on the Greater Antilles
Outer Ridge north of Puerto Rico (Figures 13, 22,
24 and Table 13). Lithologies include porcelani-
tic chert, siliceous claystone, radiolarian mud,
radiolarian ooze, siliceous calcareous ocoze, and
some zeolitic clay, silty mudstone, and nanno-
fossil claystone (Figure 16A). The common element
is high silica content, except in the three last-
named lithologies that are interbedded with
siliceous sediment or chert. Chert is charac-
teristic, although it may be small in total
volume. Some chert occurs in older units (Blake-
Bahama Formation), but these are distinct from the
Bermuda Rise Formation. Calcareous oozes with
chert beds of equivalent age (Late Paleocene
through Middle Eocene) occur at the edge of the
Blake Plateau (Site 390), in the Northeast Provi-
dence Channel (Site 98), and on the J-Anomaly
Ridge south of Grand Banks (Site 384). The Site
384 cherts are probably continuous with those of
the Bermuda Rise Formation in the deep basin.

The maximum thickness drilled of the Bermuda

Rise Formation is 153 m (exclusive of the transi-
tion interval) at the type locality. A similar
thickness of about 130 m was encountered at Site
386, also on the Bermuda Rise. Elsewhere coring
was too widely spaced and recovery too incomplete
to accurately determine the thickness (Figure 24).
Multicolored clays of the Plantagenet Formation
underlie the Bermuda Rise Formation at all sites
where the appropriate interval was cored (7, 9,
385, 386, 387 and possibly 28), except at Site 10
where carbonates occur (Figure 22). The contact
is gradationa:i with a gradual downhole appearance
of color banding. Biogenic silica increases
and zeolites decrease upward, but details of the
transition have not been studied. The upper
contact of the Bermuda Rise Formation is defined
as the uppermost appearance of chert beds at all
sites. This level generally coincides with a
seismic reflector and an abrupt decrease in
drilling rate. The overlying unit is mainly
hemipelagic mud of the Blake Ridge Formation.

Acoustic Character. The top of the Bermyda Rise
Formation corresponds to seismic Horizon A at
most drillsites away from the continental margin
(Tucholke, 1979). This reflector has been corre-

TABLE 13. GEOCRAPHIC DISTRIBUTION OF THE BERMUDA RISE FORMATION IN THE NORTH AMERICAN BASIN
Region DSDP Location Top Py Base Thickness Age Position
Leg Site m* Core m* Core (m)
Bermuda Rise 43 38f+ 223.8 12:1,145 376.6 23:2,82 152.8~ Middle Eocene- 32°19.2'N,67°40.0'W
{=5341.8} through through  220.4 Early Eocene
444,2 27:2,148
Bermuda Rise 1 6 233-247 between 257 TD 6 >10 Middle Eocene 30°50.4'N,67°38.9'W
[-5538 -5372] 4&5
Bermuda Rise 1 7 9-235 between 236-278 between >1 Early Middle 30°08.0'N,68°17.8'W
[-5192 -5420] 1&2 2 & 2A Eocene
Lower Conti- 2 8 287-295 between >305 below 3A >18 Eocene 35°25.0'N,67°33.2°W
nental Rise [-5456 ~5464] 1A & 2A
Bermuda Rise 2 9 492-679 between  682-765 between >3 Middle Eocene- 32°46.4'N,59°11.7'W
[-5473 -5660] 12 & 1A 1A & 3A%* ?Senonian
West Flank, Mid- 2 10 100-167 between  185-291 between >18 Early Eocene 32°51.7'8,52°12.9'wW
Atlantic Ridge [-4812 -4879) 768 9 & 10
Greater Antilles 4 28 176 3:1 between 7between >107 Eocene 20°35.2'N,65°37.3'W
Outer Ridge [-5697] 283 & 345 7 & 8
Lower Conti- 11 106 961-1012 between 1015.5 TD 8B >3.5 7Eocene-Miocene? 36°26.0'N,69°27.7'W
nental Rise {-5461 -5512) 68 & 78
Vogel 43 385 156A between 165 between 9-13 Early Eocene 37°22.2'N,60°09.5'W
Seamount [-5112] 5&6 6 &7
Bermuda Rise 43 386 492 27:2,50 613-632 between ~130 E. Eocene- 31°11.2'N,64°14,9'W
[-5275] 34 & 35 ?Paleocene
* ﬂ :tres beiow sea flobr. Range‘ n vai;éé denoces interval without coring or_ recovery.
{] Depth below -sea level in square brackets.
k) Denotes total degth penetra:ed' bottom of formation not cored.
® Core 1lécations given by: .core numberisection,depth in centimetres.
A Drilling’ brake suggests first chert at -152_m; first chert recovered at 156 m,
+ Type locality.
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TABLE 15. COMPOSITION OF THE BERMUDA RISE FORMATION

Baged on Smear Slide Estimatec (per cent; range in parentheses)

Compor :nt 387 Top 387 Bage* 386 Top 386 Base

Clay (includes ‘opal') 70 89 82 77
(57-81) (82-93)

Hica 1 2 - -
(0-10)

Altered ash and glass - - 3 1

Nannofossils 6 1 5 5
(0-15) (0-18)

Foraminifers 1 - trace
(0-17)

Unspecified carbonate 1 4 2
(0-22) (0-10)

Radiolarians (includes 12 2 3 12

‘porcelanite'’) {0-50) (0-5)

Sponge spicules 2 - -
(0-22)

Diatonms 1 - -

(0-9)

Miscellaneous 1 [ 3 3

R 31 19 16 20

Interval (=) 224-377 377-444 492-539 539-613

* Transition zone to the Plantagenet Formation.

lated with the shallowest occurrence of cherts at
Sites 6, 10, 28, 384, 385, 387; at Site 386 the
top of the cherts is seismically masked by an 82 m
thick sequence of calcareous turbidites, and
Horizon A~ correlates with the top of these
turbidites. The distribution of Horizen A
defines the regional distribution of the Bermuda
Rise Formation (Figure 15). c

Along the continental margin hHorizon A~ is
truncated by a major erosional unconformity termed
Horizon A” by Tucholke (1979). Drillsites in this
area (Sites 4, 5, 99, 100, 101, 105, 391) show

. that the Bermuda Rise Formation has been removed
and that the Blake Ridge Formation, normally
overlying the Bermuda Rise Formation, rests
directly on the Plantagenet or older formations.

On the western part of the Bermuda Rise, where
siliceous turbidites form the bulk of the unit,
the Bermuda Rise Formation is acoustically lami-
vated. This lamination fades out at the contact
with the underlying Plantagenet Formation (Figure
17). Elsewhere, the chert(s) form a discrete
reflector or reverbatory sequence distinct from
the generally non-reflective sediments of the
Plantagenet Formation.

Calculated interval velocities in the Bermuda
Rise Formation are about 2.0l km/s at Site 387 and
1.91 km/sec at’'Site 386 (ingcluding the overlying
calcareous turbidites). Shipboard measured
velocities vary considerably, dépending on the
degree of sample silicification (Table 14),

Age. Radiolarians, foraminifers, and calcareous

nanncfossils have all yielded Early -to early

-

Middle Eocene ages for this formation. The age
range at various sites is from latest Paleocene to
Middle Eocene (Table 13). A questionable Maas-
trichtian age at Site 9 may result from mixing
during coring. An anomalously young age of the
upper boundary at Site 106 (Oligocene-Miocene) is
questionable and may result from drilling con-
tamination (Poag, 1977, p. 698).

At the Site 387 type locality, the age of the
formation is Middle and Early Eocene (Figure 14).
At Site 386 nannofossils indicate latest Paleocene
to Middle Eocene ages of the formation, but radio-
larian biostratigraphy favours an Early to early
Middle Eocene age (Figure 13).

Depositivnal Environment. Sedimentation during
this period is marked by the predominance of
biogenic silica over biogenic carbonate in the
deep basin below the CCD, and by a significant
contribution of biogenic silica in shallower,
usually calcareous sediments. This may reflect
strong surface circulation, upwelling, and perhaps
cooler temperatures. The calcite compensation
depth was apparently elevated to less than 4500 m
(Figure 23), On the western half of the Bermuda
Rise and further west, sedimentation was dominated
by fine-grained turbidites probably originating
along the North American continental margin.
Turbidites on the Bermuda Rise were deposited
prior to uplift that formed the Rise in the Middle
to Late Eocene, and they include carbonates
derived from shallower water (Tucholke and Vogt,
1979).

Sediment accumulation rates as high as 50 m/m.y.
are occasionally indicated for the Bermuda Rise
Formation at Site 387 where fine turbidites were
deposited. Somewhat lower rates of about 20
m/m.y. typify Site 386, where the turbidites are
cryptically graded. In pelagic sections (clayey-
siliceous and calcareous-siliceous lithofacies)
accumulation rates typically were 5 to 8 m/m.y.

Identifying features. The presence of chert,
abundance of siliceous organisms, commonly
greenish-gray color, and presence of seismic
Horizon A~ at the top of the formation are dis-
tinctive features of the Bermuda Rise Formation.

Correlations with Other Units. Synchronous
facies on the Scotian Shelf and Grand Banks are
brounish-grey glauconitic mudstone with minor sand
beds, nannofossi warls and zeolitic c¢laystones of
the Banquereau Formation (Jansa and Wade, 1975a).
In the Baltimore Czuyon Trough on the U.S. con-
tinental shelf, the Paleocene-Eocene is generally
represented by nannofossil marls and chalks wvith
variable biogenic opal content (Smith et al ,
1976). Dredge hauls and drilling at DSDP %ite 108
show that Early- and Middle Eocene chalkes und
limestones rich in silica are prevalent along the
continental slope (Gibson, 1970; Hollister, Ewing
et 4dl., 1972). Opai-rich sediments of late Early
Eocetie age are dalgo widespread along the Atlantic
Coastal plain (Hathaway et al., 1976) and in Cuba
(Gibson and Towe, 1971).
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Blake Ridge Formation

The Blake Ridge Formation is a widespread

Figure 16.

A.

B.

Bermuda Rise and Blake Ridge Formations.
Diatom-rich clay of the Bermuda Rise Formation with local chert frag-
ments. Overlying graded bed is calcareous skeletal sand (Leg 1-6-6:1,
113-144 cm; 250 m sub-bottom; early Middle Eocene).
Intraclastic chalk of the Great Abaco Member; large clasts near the
base are shallow-water limestone lithoclasts (Leg 44-391A-12:4, 25-
75 cm).
Intraclastic chalk of the Great Abaco Member with intervals of deformed
and burrowed, fine-grained, greenish-grey chclk at the top and base.
Upper interval contains large clast of the greenish-grey chalk (92 cm)
and shallow-water limestone lithoclasts (Leg 44-391A-12:4, 75-125 cm).
Very hard hemipelagic mudstone of the Blake Ridge Formation with abun-
dant siliceous organisms. Note bioturbation and faint vertical cracks
(e.g. 56-60 cm), probably caused by gas expansion. From type locality,
Leg 11-106B-5:4, 25-75 cm, 940 m sub-bottom; Middle Miocene.
Blake Ridge Formation turbidites rich in biogenic silica (33% radio-
larians, 7% sponge spicules, 1% diatoms from smear-side estimates).
Leg 43-386-15:2, 0-98 cm; 349 m below sea floor; Middle Eocene.
Blake Ridge Formation volcaniclastic sand; two or three coarse-sand
intervals grade up into ripple-laminated fine sand. Contains 162
heavy minerals and 5% volcanic glass from smear-slide estimates
(Leg 43-386-13:2, 20~70 em; 311 m sub-hottom; Middle or Upper Eocene).

is Late Cenozoic, with maximum development com-

monly in the Miocene. 1In most areas deposition of
this mud probably continues to the present.
greenish-grey and brown hemipelagic mud. Its age formation is named for the Blake Ridge, the nor-—
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thern ridge of the Blake-Bahama Outer Ridge
system, which is constructed of this mud (Ewing
and Hollister, 1972).

Type Locality. Although this unit has been
cored at numerous sites (Table 16) none makes a
satisfactory typc locality, because of widely
spread coring in this monotonous lithology ard th.:
consequent failure to core contacts. Site 106,
Leg 11, where the maximum thickness was penetrated
with reasonable recovery, is designated type
locality (Figure 18). The formation was pene-
trated completely at this site, and cores 7B and
8B at the bottom of the hole (1012-1016 m) re-

balite (Zemmels et al., 1972) and is ceferrable to
the Bermuda Rise Formation.

At Site 106 nearly 1000 m of predominately dark
greenish-grey mud of the Blake Ridge Formation was
penetrated (Figures 22, 24). A few intervals are
olive-grey, brownish-gray, or greenish-black. The
upper three cores, down te 119 m subbottom, con-
-ain numerous intervals up to tens of centimeters
thick of quartz sand or silt. Minor sandy layers
also occur at 343 to 349 m, within the Pleistocene
section. Sediments down to this depth are domi-
nantly turbidites, although coring disturbance has
obscured primary sedimentary structures. Indura-
tion increases progressively with depth from soft

covered cherty mudstone that contains 55% cristo-

plastic mud at the surface, through firm semi-

TABLE 16. GEOGRAPHIC DISTRIBUTION OF TNb BLAKE RIDGE FORMATION IN THE NORTH AMERICAN BASINA*

Region DSDP Locaticn Top P Buse Thickness Age Position
Leg Site n* Core n" Core (m)
+

Lower Conti- 11 106%% 1] 1 951-1012 between 961-1012 E. Miocene-Holocene 36%26.0'N,69°27.7'v

nental Rise {=~4500)} 6B & 73

Bermuda Rise 1 [ >15 above 1A 152.1 2:1,0 >137 overlies Middle Eocene 30°50.4'N,67°38.9'W
{-5140)

Bersuda Rise 1 7 0 1 9-235 between <235 Pliocenc § older 30°08.0'N,68°17.8'W
{-5185} 1462

Lower Centi- 2 8 <176 above 1 287265 between >111 overlies Early Eocene 35°23.0'N,67%33.2'%

nental Rise {=5345} 1A & 24

Bermuda Rise 2 9 202 7:1,90 492-679 between 290-477 Miocene?-Pliocene? 32%46.4'N,59°11.7'W
{-5183) 12 & 1A

Bahama Quter 11 101 <32 above 1 A230%%%  between 198-230 Early Pliocene- 25%11.9°N,74%26.3'W

Ridge {-4900} 3A & 4A Late Miocene

Blake Cuter 11 102 0 1 661 D 19 »661 Pleistocene/Holocene- 30°43.9'4,74°27.1'W

Ridge {-3426) Late Miocene

Blake Outer 11 103 0 1 449 D 7 >449 Pleistocene/Holocene- 30%27.1"N,74%35.0'%

Ridge [-3964! Middle Miocene

Blake Outer 11 164 0 1 617 TD 10 >617 Pleistocene/llolocene- 30%49.7'N,74%19.6'W

Ridge {-3811) Middle Miocene

Lower Conti- 11 105 0 1 193-241 between ~A193-241 Pleistocene/Holocene- 34°53.7'N,69°10.4'W

nental Rise [-5251} 4&5 Miocene

Nashville 43 38244 <51 1 352 15:5,22 301-352 Pleistocene-~Early 34%25.0°N,56%32.3'W

Seamount {~5578) Miocene

Vogel Seamount 43 385 <22 1 156A between 134-156 Pleistocene-Early 37%22.2°N,60°09.5'W
{-4978]} 566 Miocene

Bernuda Rise 43 386%% 60 1:6,15 492 27:2,20 432 Late Miocene~Early 31°11.2'N,64%14.5'W
{-4843) Eocene

Berzuda Rise 43 387 <32 1 224 12:1,145 188-224 Pleistocene/Holocene~ 32°19.2'N,67°40'W
{-5150] Middle Eocene

Lower fonti~ 44 388k 0 1A 3451 TD  11A >341 Pleistocene~Middle 35731.3"4,69%23.8'W

nental Rise {-4920) Miocene

Blake-Bahama 44 39 %+ 1 649 between 649 Pleistocene/Holocene- 28*13.7'N,75°36.9'W

Basin [~ 6966] 20A & 21A Early Miocene

* Metres below sea floor. 'Rangei in values denotes interval without coring or recovery. —

{1 Depth below-sea level “in square brackets.

TD  -Denotes total depth penetrated;- bottom.of- formation not cored.

§ Core locations are given by: core nunb

section,depth in centimétres.

Lt ‘Includes intervals with appreciable nass=flov deposits;-these ste also tabulated separately in Table 18.

*#%  Buged on seismic réfléctor and slight breéak in drilling rate.
-hemipelagic muds.and-carbonaceous clays“ :[Hatteras ‘Formation] - (Hollister, Ewing, and others, 1972, p. 109).

& Drilling brake in core-5.suggests flfst-chefi-encountered at-1527m.

+ Type locauty.

Intefval 203-250 & not cored; core at 250 a is
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plastic mud at 345 m and very firm, slightly
fissile mud at 450 m, to hard mudstone at 940 m.
The average mud is silty clay with about 68 per
cent clay (Table 17), but the upper part of the
formation which contains sand beds has about equal
proportions of sand, silt, and clay. Sedimentary
couponents in order of decreasing abundance are
mica, quartz, carbonate, kaolinite, montmorillo-
nite, and feldspar (Table 17). Siderite was noted
throughout the bottom half of the interval in
shipboard descriptions, but was not reported from
X-ray mineralogy studies (Zemmels et al., 1972).

Calcareous nannoplankton are common in most
cores. Radiolaria, sponge spicules, and dino-
flagellates occur sporadically throughout, fora-
minifera are rare except in the turbidite interval
near the top of the formation.

Sedimentary structures include burrows, irregu-
lar bedding, and lighter lenses that contain more
foraminifers and calcareous nannofossils. Pyrite
and siderite line some burrows and form lenses or
nodules. The most common structures are burrow-
like coalescent spongy voids and vertical frac-
tures which occur in the lower half of the forma-
tion and result from gas expansion during core
recovery (Hollister, Ewing et al., 1972). Most
cores in this interval contained appreciable C(,
H,S, and CH,. However some fractures are lined
with siderite suggesting vertical gas migration or
expansion in situ.

R LS AL o
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Contacts. The lower contact of the Blake Ridge
Formation at Site 106 is within a 50 m uncored
interval (961-1012 m). A subtle color change
across this interval from dark greenish-grey
(5G4/1) to greyish-greem (10G4/2), a reduction in
terrigenous components (Tables 14 and 17), and
appearance of cherty siliceous sediments mark the
change to vhe underlying Bermuda Rise Formation.
Two lines of evidence suggest that the Blake Ridge
Formation unconformably overlies the Beruuda Rise
Formation at Site 106: (1) the Horizon A~ uncon-
formity can be traced to the site at about 100Z m
subbottom, and (2) it is likely that cores 7E and
8B from the Bermuda Rise Formation (1012-1015 m)
are of Eocene age, thus requiring either severely
reduced sedimentation or a hiatus in the internal
961 to 1012 m subbottom. The upper contaci of the
Blake Ridge Formation at Site 106 is at the sea
floor.

Regional Aspects. The Blake Ridge Formation
shows little lithologic variation throughout the
North American Basin, except where hemipelagic
sedimentation was interrupted by debris-flow
deposits or turbidites. Color is generally dark
greenish-grey but notable differences sometimes
occur. At Sites 6 and 7 color is brown, olive,
and dark yellowish brown, and at Site where the
top 100 m is light browh or yellowish brown and
the base is pale olive to yellowish grey. A few
yellow-brown bands were:encounteréd. at Sites 9 and
386. These lighter cclors commornly are found near
the Bermuda Rise.
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The uniformity in composition of the formation

is indicated in Table 17. Quartz content is

remarkably uniform despite minor variations in

grain size, except at Site 388 which is anoma-

lously quartz rich and at Bermuda Rise Sites 386

and 387 which are clay rich. Feldspar content is

fairly uniform, but is consistently high at Site

391 (a high average value at S5ite 105 reflects a

single sample of terrigenous sand}. Carbonate

content is higher in samples from the relatively
shallower Blake Ridge (Sites 102 to 104), Bahama

Outer Ridge (Site 101) and Blake-Bahama Basin

(Site 391). This may reflect combination of (1)

higher productivity of surface waters at the lower
latitudes, (2) detrital carbonate input from

nearby carbonate platforms, and (3) lack of dilu-

tion by terrigenous components. Calcareous nanno~
plankton are abundant at all sites. Foraminifera

ara abundant in continental-rise sites but are

rare and show the effects of dissolution in cores

from the abyssal plains. Mica content generally
decreases away from the North American continental

sh.1f, the most likely source area, but chlorite

fails to show a parallel trend. Both minerals

also are relatively abundant at Bermuda Rise

Sites 386 and 387. Montmorillonite is very abun-

dant at Bermuda Rise and New England Seamount

sites (382, 385), reflecting local volcanigenic

source rocks. It is more abundant in older )
samples at most sites. Zeolites are common in the €
upper part of the formation at Sites 386 (above g
155 m) and 387 (above 100 m). Siliceous foasils
are rare in younger samples at most sites, but
increase in abundance with depth, 2specially at
Site 387 below 100 m. Thus, minor variations in
composition occur in the formation due to the
effect of provenance, productivity and sediment
distribution.

Natural gas was detected in cores from all sites
on the continental rise (102, 103, 104, 106, 388),
but was not noted in abyssal plain and Bermuda
Rise sites.

The thickness of the Bermuda Rise Formation is
generally 200 to 300 m in the North American Basin
(Table 16), but increases warkedly on tic con—
tinental rise to 1000 m (Site 106) and more
(Figures 22, 24). Except for local thin units the
formation is absent in the Cat Gap area where
erosion has exposed rocks as-old as Early Creta-
ceous at cr near the sea-floor (Figure 22).

In the central part of the basin the Blake Ridge
Formation overlies chert of the Bermuda Rise
Formation with no detectable hiatus. Along the
continental margin underlying formations are
beveled by a regional unconformity (Horizon AU
and the Blake Lidge Formation unconformably over-
lies older strata. For example at Sites 105 and
391 it rests on the variegated Plantagenet Forma-
tion and at Site 101 it overlies the Hatteras
Formation.

The top of ti > formation is at or near the sea
floor at all localities. In many places the
foruation is capped by a unit of Pleistocene and
Holocene nannofossil-foraminifera oozZe or marl
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ranging from a few decimeters tc a few meters in
thickness. 3Some exceptions, such as Site 386
where the oozes appear to be 60 m thick, may be
due tc inadvertent recovery of near sea-floor
sediments when spudding in the hole. However,
Pliocene~Pleistocene oozes up te 200 m thick
probably overlie the Blake Ridge Formation at Site
9.

Mass-Flow Deposits. The most striking regional
variants of the Blake Ridge Formation are ter-
rigenous, volcaniclastic, silliceous and calcareous
turbidites and carboaate breccias described iater
as a formal member.

Terrigenous sand and silt are most comuon at
Sites 106 and 388 on the continental r.se and at
Sites 382 and 383 in the Sohm Abyssal Plain
(Tabies 18, 19). At Sites 106 and 388 sandy
sediments form the tor of the formation and con-
tain a mixed foraminiferal fauna indicating
Pleistocene age. Individual sand intervals are up
to 2.5 m thick. Sedimentary structures and
grading were not observed, becausc of intense

drilliug disturbance. Graded beds are common at
Site 382 and prohably at Site 383, where they are
Pliocene and Quaternary age. Seismic profiles
across all four of these sites show flat-lying,
closely spaced reflectors either regionally dis-
tributed or in sediment ponds. Near the base of
Blake Ridge Formation graded beds of terrigenous
silt or sand mixed with calcareous and siliceous
debris were cored at Sites 6, 8 and 387, on ov
near the Bermuda Rise. The beds are mostly less
than 19 cm thick. These turbidites are Middle ¢
Late Eocene in age and were deposited prior to
uplift of the Bermuda Rige.

Biogenic siliceous and ralcareous turbidites
with less terrigenous debris also are commeon at
Site 386. Because this site was driiled in the
center of a fracture valley, it has accumulated
large volumes of debris shed from the adjacent
basement peaks, and is likely that this typifies
sediments of the Blake Ridge Formation that were
deposited in other fracture valleys. The tur-
bidites at Site 386 range in age from Middle
Eocene to Early Miocene, and although some are

TABLE 17. CHARACTERISTICS OF THE BLAKE RIDGE FORMATION (EXCLUSIVE OF IASS FLOW INTERVALS - SEE TABLE 18)

teg Site Grain S1z¢ Carbon/Carbonate

Mineralogy {¥=ray Diffraction*) Porosity Senic
X Sand Siir Clay N Cat0; Organic N Quartz Feld= Car- Kaoli- Mica Chlorite Montaor- X % Velocitv
spar  bonate nite illonite X ka/s
frotal)
is m6+ i6 0.3 315 68.2 34 7.9 0.52 7 26.6 5.1 6.6 5.0 .1 2.9 17.7 5 5
0.4 £10.0  :10.1 . 8.0 20.16 22.7  16.1 =70 2.3 =5.6 0.7 :12.6 4.9
i 5 10 0.4 8.3 91.3 12 3.7 0.1% 27 26.8 2.1 0.4 18.9 16.2 4.6 20.8
:0.34 3.1 1 :5.2 :0.13 9.8 +4.1 1.1 i 26.6  36.6 £17.3
1 7 4 0.1 -2 90.7 1 1.7 0.1 8 31.4 6.7 2.z 26.6 26.1 0 0
=0.05 4.7 *4.8 4,1 2.0 3.3 4.3 £4.3
4 8 1 9.3 42.9  50.6 [+] - - 1 25 9 0 15 16 0 34
2 9 18 0.1 7.8 %s2.1 6 2.5 0.75 3 24.8 3.3 6.3 18.4 . 0.6 37.4
20.3 2.8 2.8 :3.3 .05 4.7 3.5 t1.1 5.6 4.2 22.5 13.0
11 161 22 1.6 35.7 63.8 22 i..6 0.64 5 27.3 1.2 19.3 7.4 19.5 2.5 9.7 22 60.8
24.3 4.5 5.3 2.5 0,13 6.2 :6.3 6.3 :1.7 :14.7  20.9 3.9 25.5
11 102 131 0.9 2%.3  63.8 77 17.8 0.58 19 2.4 $.0 22.7 5.1 31.0 2.7 6.1 61 53.9
20.9 10,5 :16.4 28.6 20.1% 22,2 4.2 6.7 2.6 6.0 :=l. 26.1 29.4
i1 103 25 1.2 34.1 6&.7 26 15.1 ¢.48 10 29.4 7.9 16.8 6.1 30.4 2.9 5.9 24 60.3
=2.0 £10.7 :11.6 3.1 +0.22 4.6 2.7  :12.0 L6 25.8  =3.4 4.4 27.7
11 0 38 8.4 23.2 6.2 &2 15.2 0.65 11 26.6 6.6 17.2 8.4 29:1 0.3 7.1 37 64.2
20.97 18,6 :19 0 9.8 =9.27 25.5 5.2 :10.7 =23.2 24.8  :1.0 22.2 26.7
L 1S3 ¥4 0.4 32.4 6&7.2 12 9.3 0.22 3 25.2 9.6 8.7 3.4 31.2 3.2 7.5- 13 3.3
20.5 212.6 :12.0 210.2 £0.07 *1.0 9.3 £7.5 3.0 214.2 26,9 26.9 +3.2
43 382 16 8.7 c.25 22 25.6 8.6 1.9 3.9 19.2 3.4 36.4 15 537 15 1,64
9.0 20.13 $11.2  26.2 3.7 =216 :}1.5 22.0 225.1 26.4 20.03
43 385 5 1.2 0.24 6 18.8 5:8 0 4.9 9.6 1.4 58.2 8 74.8 1 1.53
1.8 *7.9 1.8 4.8 0.9 £9:2 24.5
8 2 16.7 1.3 49.2 3 62.4 2 1.55
8 2 27.7 223 t14.4 4.6
19:8 LS $7.6 10 894 3 L.S7
2.5 2.8 +11.3 4.4 :0.04
1’3 0.7 7.1 1% 53.9 22 1.59
3.4 21.2 32.3 26.2 £0.17
13.6 1.8 0.8 4 46.5 8 1.50
26.4  =2.4 =1.2 8.0 20.02

i
-
'

b oy

L e

B

Iy

TN Sk SR

O G S

=




GEOGRAPHIC DISTRIBUTION OF THE GREAT ABACO MEMBER AND OTHER DEBRIS-FLOW AND

TABLE 18.

TURBIDITE DEPOSITS WITHIN THE BLAKE RIDGE FORMATION IN THF NORTH AMERICAN BASIN
Region JSDP Location Top i Rase Thickness Age

leg Site ot Core ok Core ()
Blake-Bahama at 391A 147 3:1,150 649 between 502 Early-Late
Basin {-5111} 20 & 21 Miocene
Berzuda Rise 1 6 161-190 between 250 6:2 >60 Middle Eocene
[-5286~ -5315} 2 & 3
Lower Conti~ 2 8 177254 between 285 between - Eocene
nental Rise [-5346- ~5423} 1 & 2 1A & 2A
Lower Conti~ 11 106 0 1 119-187 between >119 Pleistocene
nental Rise {-4500) 384
Nashville 43 382 0-51 1 232 5:1,130 181-232 Pleistocene
Seamount {-5527- ~5578}
Bernuda Rise 43 386 155 4:5,110 490 27:2,20 335 Late Cligocene-
{-4938; Earlv Eocene
Berzuda Rise “3 38 378 7:3,20 224 12:1,145 46 Middle Eocene
{-3296)

Lower Conti- 44 388A 0 1 53-208 between >33 Pleistocene
nental Rise {-4920) 384

* Metres below sea floor.
{1 Depth below sea=level.
& Core locations are given by:
+ Great Abaco Member type locality.

cryptically graded they commonly exhibit the
rhythmic progression of sedimentary structures
previously described for the Bermuda Rise For-
mation at Site 387.

Site 386 also cored a 160+ m sequence of Late
Eocene to Oligocene volcaniclastic-sand turbidites
derived from weathering of the Bermuda volcanic
pedestal. Although cored at only one site, these
deposits can be traced in seismic profiles within

Range in value denotes an interval without coring or recovery.

core number:section,depth in centimerres.

avradius cof about 150 km around Bermuda (Horizon
A"; Tucholke and Mountain, 1979), and they eventu-
ally may merit formal member status. Site 386 is
the hypostratotype for this variant of the Blake
Ridge Formation.

Acoustic Character. Along the continental
margin Horizon AU marks the base of the Blake
Ridge Formation. Farther seaward where this

CHARACTERISTICS OF THE GREAT ABACO MEMBER AXD OTHER INTERVALS OF TURBIDITES AND DEBRIS-FLI& DEPOSITS WITHIN BLARE RIDGE FORMATION

TABLE 19.
Leg Site Interval Crain Size Carbon Mineralogy (X-ray Diffraction*) Porosity Velocity
Top Base R Sand S{lt Clay ¥ CaC03 Organic N Quartz Feld- Car- Kaoli~- Mica Chlo- MHontmor- X 2 N ka/s
spar bonate nite rite illonfte
(total)
44 391A+ 147 649 20 5.0 44.0 S51.0 42  60.3 a.5 26"‘ 1.75 98.25 27 50.3 32 2.63
22.0 214.5 20.51 232.8 20.05 *1.0 21.0 9.8 20.5
104 28.5 2.5 2.1 S 88 1.0 15
213.5 25.3  :27.5 2.4 8.4 23.2 +17.8
1 L] 190 250 10 14.1  26.0 59.9 9 22.¢ 0.2
223.2 :14.8 :23.3 :14.3  20.1
2 8 254 288 6 3.4 50.5 46.%1 1 o4 0.1
=1.9 216.0 :15.0
11 106 0 113 § 33.4 27.6 39.0 11 12.% 0.4 10 56.6
231.2 9.3 123.7 :11.8 :0.2 211.4
43 382 51 232 1 9.7 0.4 NO DATA AVAILABLE 7 55.6 % 1.58
. 9.2 £0.06
43 386 -155 490 15 22.9 39.5 37.6 33 18.1 el 3% 50.9 36 1.88
T 28.7 149 195 16.1 0.26 +13.9 :0.26
43 387 178 22 4 2.2 37.4  60.4 9 6.7 0.1 7 6€5.8 7 1.63
1.6 5.6 4.2 8.6 0.1 16.9 20.10
44 388 1] 53 6 6.58 335 599 & 20.2 0.2 5 61.3% & 1,55
210.37 26,93 £15.16 213.0 20.11 45.01 20.667

+ type locality _ -
3 <halk intraclsst =
L4 clayey satrix
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unconformity does not cut into the RBermuda Rise
Formation, the base of the Blake Ridge Formation
correlates with Horizon A”. One exception occurs
at Site 386; here Horizon A~ is within the base of
the Blake Ridge Formation and at the top of a
sequence of calcareous turbidites overlying the
Bermuda Rise cher:s.

The general acoustic character of the Blake
Ridge Formation in seismic profiles is highly
variable. The formation ranges from acoustically
non-laminated (Site 9) through laminated (e.g.,
Sites 102, 103, 104) to very strongly laminated,
flat lying beds (e.g., Site 106, 383). The
acoustic character is a direct indicator of
vertical and lateral lithologic inhomcgeniety of
the formation. Sound velocities in thase sedi-
ments range upward from about 1.5 km/scc, average
about 1.7 km/sec, and may reach as high as
2.5 km/sec depending upon formation thickness.

Age. Mcst of the Blake-Ridge Formation re-
covered from sites to date is of Miocene age,
largely bscause sampling has been biased toward
the continental margin where Upper Eocene and
Oligocene sediments have been eroded. At the Site
106 type locality, the formation ranges from Early
Miocene to Holocene (Figure 19). Farther seaward
the formation overlies the Bermuda Rise cherts and
therefore is Middle Eocene and younger (e.g.,
Sites 386 and 387; Figures 13, 1l4). At most of
these sites the top of the formation is Pleisto-
cene and is capped by Quaternary calcareous ooczes,
but at Site-9 the formation extends only to the
Early Fliocene and is capped by Upper Pliocene and
Quaternary oozes.

Depositional Environment. The greenish-grey mud
of the Blake Ridge Formation was probably depo-
sited under conditions similar to those which now
prevail in the North American Basin, particularly
since turbidite deposition appears to have been
sharply reduced since the Pleistocene. Deeper
areas la2y below the CCD and only rapid deposition

smeos] o NANMMOFOSSILS | FORAMMIFERS huutnzuxmdgiﬂﬁllgl
H wxinn) L PSR Rt o
2 | % w0
1 XTI
baiiaid
1] £5. yoreatcs)
3
L X - RO
nIIsTcTe o1 3 ey
4
i
- § b=
-
; " AT M * " U nRdw
LA s
e Pvosmtita} prligiay
> f W R
» TATE midCEnt s 3 <
ot s =
N AL RINCTR( [ 8- mm‘ S U
it taky miscom el i
al =
=in Tt e st
- ¢ tacrae L RIIE e
£1 N N S
L K

Figure 19. Multiple biostratigraphy of Site 106

upper continental rise. R
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permitted the preservation of calcareous fossils.
Abyssal currents have had a strong effect in
transporting, eroding, and depositing sediments of
the Blzke Ridge Formation, in contrast to their
limited role in deposition of older formatioms.
The effect of currents is most pronounced aleng
the deeper part of the continental margin, as
indicated by variations in sediment accumulation
rates at Sites 101 to 106 (Table 20), marked
thickness variations (Table 16), and the formation
of depositional outer ridges (Heezen et ai.,

1966; Ewing and Hollister, 1972; Tucholke and
Ewing, 1974).

The Blake Ridge Formation comprises the bulk of
the present continental rise and therefore is
extremely thick (2-3 km) in this region (see
Figure 5 of Grow and Markl, 1977). The large
thicknesses result from proximity to terrigenous
sources and from the activity of contour following
bottom currents. These currents have pirated
sediment from cross-contour debris flows and
turbidity currents and have transported it later-
ally, along contours (Hollister and Heezen,

1972). Thus a large volume of sediment has been
deposited on the continental rise that otherwise
would have been transported beyond the rise to the
deep basin.

Much of the sediment in the Blake Ridge For-
mation was deposited directly from turbidity
currents. At the Site 106 type locality, ponded
turbidites derived from the continental shelf
during Pleistocene low stand of sea level form the
upper part of the formation (see Figure 20 of
Tucholke and Mountain, 1979). Similar turbidites
occur in the Sohm, Hatteras, Nares and Silver
Abyssal Plains. The mixed terrigenous and bio-
genic graded beds of Eocene age at the base of the
Blake Ridge Formation also were deposited from
turbidity currents presumzbly originating along
the continental margin, but they entrained large
volumes of pelagic material enroute to their
depositional locality. Turbidite deposition on
the western Bermuda Rise ceased when uplift formed
the rise in the Middle to Late Eocene. Locally
redeposited or "pelagic" turbidites probably were
comron in areas with irregular morphology. Facies
variants were also introduced by locally signifi-
cant sedirent sources (i.e., the volcaniclastic
turbidites surrounding Bermuda).

Sediment accumulation rates (Table 20) varied by
an order of magnitude in different time intervals
at individual sites, and equally large between-
site variations occur among sediments deposited
during the same time interval. These variations
reflzact changing paiterns of provenance, pro-
ductivity, bottom currents and sea level fluc-
tuatiors. Fluctuations in turbidity-current
activity are of prime importance at 5ites 106,
386, 387 and 388, but equally large variations in
accumulation rate at Site 102 to 104 are attri-
buted to interactions of contour curvents with
their cwn depositional topography (Ewing and
Hollister, 1972). The maximum accumulation rates
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TASLZ 20. SEDIMENT ACCUMULATION RATES FOR BLAXE RIDGE FORMATION

Leg Site Rate Interval Age Remarks
(2/10¢  (m sub-
yrs) bottos)

11 106 200 1~366 Pleistocene Terrigenous
turbidites
43 366-961  Pliocene-Middle Miocene

2 8 11-17 9-177 Middle Miocene(?) Recalculated
and younger

2 g 21 200-529  Pliocene?- Inciudes under-
Late Miocene? Iying chert

it 101 23 32-236 Early Pliocene-lLate Miocene

i1 102 137 0-224 Pleistocene

90 224-585 Pliocene
25 585-641  Late Miocene

11 103 26 2-47 Early-Middle Piiocene
193 47-449  Middle-Late Miocene

11 1% 18 5-11 Late Hiocene
95 71-315 Middle-Late Miocene
195 315-617 Middle Miocene

11 105 17 0-193 Miocene-Holocene
43 382 120 0-232 Quaternary Terrigenous
turbidites
6-8 232-352 Mt Pl Probablz hiatuses
in sequence
43 38s 6 0-134 ?lel Late Mi
43 386 3 <53-157 Miocene
45 157-2 Late Oligc-ene- Calcarecus and
Late Eocene volcanic turbidites
19 166-319 Late Oligocene- Volcanic turbidites
Late Eocene
47 319-40¥  M{ddle-late Eocene Biogenic siliceous
turbidfses
26 409-492 Middle Eocene Calcarecus turbidites
43 287 4 0-100 Pletstocene~Oligocene
8 10u-178  Late Eocene
>100 178-724 Early Eocene Biogenic siliceous
turbidites
4% 388 45 0-53 Pleistocers Tervigenous

turbidites (in part)
30 208-341 Middle-late Miocene

4% N 90 0-147 Quaternary
9 147-206  Late Miocene Intraclastic chalk
43 204-400 Middle Miocene Intraclastic chalx
39 A00-6549  Early Mtoceae Intraclastic

calculated for turbidity-current and bottom—
current deposition (Sites 106 and 104, respec-
tively) are nearly identical at 200 m/m.y.

Identifying features. The predominantly dark
greenish~gray color of the hemipelagic mud, common
terrigenous components, low induration, and
frequent occurrence of turbidites and mass—~flow
deposits are the most characteristic features of
the Blake Ridge Formation.

Correlation with Other Units. The Upper Ter-
tiary. sediments marginal to the North American
Basin are terrigenous, siliceous; and calcareous
deposits more strongly variable in composition
than the Blake Ridge Formation. On the Scotian
Shelf and Grand Banks, the Oligocene and Miocene
rocks- are dark yellowish-brown and bprownish-grey
siliceous -mudstones of the Banquercau Formation
(Jansa and Wade; 1975a), commonly with diatoms;

radiolarians, and sponge spicules. The mudstones
are lithologically similar to Eocene-Oligocene
radiolarian mud of the Blake Ridge Formation at
Site 387, but unlike the more common hemipelagic
mud. The Upper Tertiary siliceous mudstones on
the shelf reflect cooling of the shelf water.
This did not influence the eastern margin of the
North Americzn basin where yellowish-brown nanno-
fossil and foraminif.ral oozes were deposited
contemporaneously (lower flank of the Mid-Atlantic
Ridge, Site 10 and 11, Peterson, Edgar et al.,
1970). 1In the Baltimore Canyon Trough region on
the continental shelf (COST B8~2 well) the Oligocene-
Miocene section is 1000 m of fine-grained sand-
stone interlayered with clay which increases with
depth from about 25 percent to 60 percent (Rhode-
hamel, 1977). Diatoms are abundant in the lower
400 m of the interval (Poag, 1977). Facies that
are coeval with the Blake Ridge Fermation else-
where along the U.S. continental shelf include
such diverse lithologies as terrigenous gravels,
sands, silts, clays and calcareous sands; admix-—
tures of biogenic calecfte and silica arxe highly
variable (Hathaway et al., 1976).
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Figure 20. ZLocation of borehole and piston cores
that have cored Great Abaco Member, and
the distribution of seismic Horizon M
which occurs near the top of the Great
Abaco Member (thickness in metres in
parsutheses).
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Great Abaco liembiy

Massive intervals of intraclastic chalk charac-
terize the Great Abaco Member of the Blake Pidge
Formation. Great Abaco Canyon, which leads from
the Blake Plareau into the Blake-Bahama Basin, may
have served as 3 conduit for debris flows which
deposited the intraclastic chalk and related
sediments.

Type Locality. This member has been drilled
only at Site 391 which is necessarily the type
locality (Tabkle 18), but it constitutes a wappable
unit becduse it can be traced seismically through-
out the Blake-Bahama Basin. The validity of
seismic correlations has been verified by piston
cores at several localities where the unit is near
the surface (Figure 20; Sheridan et al., 1974).

Light-grey nannofossil chalk containing intra-
clasts of dark greenish-grey, olive-grey, or
biuish~grey radiolarian mudstone is the charac-
teristic lithology of the Great Abaco Member
(Figure 16C). A few intervals of intraclastic
chalk also contain lithoclasts of shallow-water
limestone (Figure 16B). Interlayered with the
massive chalk are several contrasting lithologies:
{1) white, uniform c¢nrbonate siit {at the top of
the member), (2) dark olive-grey radiolarian
mudstone identical to intraclasts in the chali,
and (3) thin, graded beds of claystone intraclasts
with erosional bases and partial Bouma sequences.

Nannofossils occur in mosy of these lithologies.
Radiolarians and diatoms ard abundant in the

mudstone layers and intraclists. Foraminifers were

found in the chalk matrix anYl the carbonate silt
and include both planktic ar} benthic forms from
shallow and deep-water environments ranging in
age from Cretacecus to Hiocene.

Sedimentary structures in the intraclastic chalk
include a few cut-and-fill surfaces, low-angle
inclined laminae, graded intervals and rare
burrows. The carbonate silt and radiolarian
mudstone are structureless.

Contacts. The upper cdntact of the member is at
147 m subbottca where the green-grey mud of the
Bldke ¥. 'ge Formation is underlain by white,
uniform arbonate silt (97 percent CaC03). Tne
lower - ; tact is at 649 m subbottom (Table 18).
Here 1i; ' :—grey chalk unconformably overlies a
thin interval of rusty-colored variegated clay-
stona ‘of the Piantagenet Formation.

Regional Aspects. Seismic profiles indicate
that the 50U m thickaess of the Great Abaco Member
cored at Site 391 is fairly constant throughout
the Blake-Bahama Basin. However, the member
pinches out abruptly at the margins of the basin,
probably against the normal dark greenish-grey
muds of the Blake Ridge Formation. Dispersal of
debris flows was apparently confined by the Blake-
Bakama Outer Ridge.

Acoustic Character. The base .f the member at
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Site 391 zorresponds to the Horizon Ab, which is
an unconformity at this location. A reflector
termed M lies 60 m below the top of the member
(Figure 6). A second seismic reflector occurs
within the member. It correlates with the top of
thick intraclastic chalks beneath an interval ot
raaiolarian mudstone at about 355 m sub-bottom.
The Abacc Member can be traced through most of the
Blake-Bahama Basin by its series of smooth,
closely-spaced internal reflectors.

Calculated interval velocities are 2.5C km/s
between M and the intermediate reflector and
2.25 km/s,between the intermediate reflector and
Horizon A~ (Figure 5). The average shipboard
velocities measured on cores for these intervals
are 1.82 km/s (range 1.66 to 2.24) and 1.87 km/s
(range 1.65 to 2.36).

Age. Based on study of radiolarians, nanno-
fossils, and foraminifera, the Great Abaco Member
is Early Miocene to Late Miocene (Figurz 21).
Detailed analysis cf both the intraclasts and the
matrix show that many intraclasts belong to the
same biozones as the matrix which encloses them.
The matrix also contains reworKed Cretaceous and
Eoccne foraminifera from contrasting depositional
environments (shallow and deep water; Benson,
Sheridan et al., 1978).

Depositional Environment. The radiolarian
nudstone that forms interbeds and contributes most
of the clasts pparently represents the background
sedimentation and was deposited under comparable
environments to the green—grey mud of rhe Blake
Ridge Formation. The other sedimentary components
were probably deposited from turbidity currents
and debris flows. The matrix of the intraclastic
chalk is predominantly of pelagic origin but was
derived from a variaty of older unconsolidated
units and contemyocaneous oozes originally depos—
ited in shallower water. Shallow-water sources
also contributec consolidated and unconsolidated
clasis. The indicazed sources are the Blake
Plateau and escarpment for the pelagic componznts
and the Bahama platform for shallow-water car-
bonates. Flows v, iginating at these sources
incorporated unlithified ciasts of hemipelagic mud
from the basin flior. Sediment accumulation rates
of 9 m/m.y., 43 m/m.y., and 39 m/m.y. were cal-
culated for intervals correspondiang roughly to
late Middle and Early Miocene (Table 20).

Summary

Six formations and two merdbers are formally
defined in the Mesozoic and Cenozoic sediments of
the North American Basin. Drill-hole and seismic
datz are adequate to specify the lithofacies,
contacts, regionul aspeécts, acoustic character,
physical properties, ages, and dapositional envi-
ronments. In this paper we have compilzd these
parameters, but have avoided-detailed discussion
of depositional conditions because of space limita-
tions. The reader is referred to Tuchélke and
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<
2 AGE SCHMIDT BUKRY GRADSTEIN WEAVER AND
& | CORE NO (1978) (1978} (1978) N BUKRY (1978}
[re (1978)
CQUATERNARY _ QUATERWARY QUATERNARY
QUATERNARY G .oceanica NN20 (‘»oueamcaf!ower part) {G. truncatﬁ!ﬁ:‘.. N22-23":m:'
rers P lacunosa ANI9) €. doronicoides G, calida N22-23)
— . ‘/3”:’;{ hannarnannran N.(dpper part) _ f
e LATS MIOCENE - 3
MI0CENE - | TATF WIOCETE
LATE MIOCES (—D.gumgueramus KN 11 'j_TXO_cE;E“_‘L G, ptersiotumivg Mi7hy
i _ 0. quinqueranus -
LATE-MIDBLE MIOCENE (lower part) MIDDLE MIOCENE .
(0. caicaris (NN 10) - (3. subdemiscens H13) M!?BLE M[0C§hE
- D. exihis 0. alata
. 1 NN i
MIDDLE MICCENE 0 enl () $. heterororphu ‘{s subdcéhifsoch:n‘smz-n}'
. X G.peripheroacuta, N1OH " -
________ G, peripheroronda, K9
//9,{_'{’,
=1 22 LATE-MIODLE MIOCENE HIOCENE
tad (A . =
4|2 i) EARLY - MIDDLE (S neteromorphus NNs | (S- heteromorphus) - .
E @ ?/lq Z MIOCENE EARLY-E"JDLE MIOCENE EARLY MIQCENE MIOCENE
NE o (6. peripheroronda, N9 {c. costata) (C. triacantha)
'3 :1) /,?;!;’:,{ G. sicanus, N8)
R 2727
5|
°l EARLY MIOCENE
1 7, H. anpli_aper!a NKN4
"l 5._belemnos WN3) |
L3
16 -] (S. delmontense} ]
15 7 EARLY MIOCENZ
18 MIOCENE
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RULTIPLE BIOSTRATIGRAPHY OF THE UPPER CENOZOIC HEMIPELAGIC SEDIMENTS IN SITE 397, HOLE A, BLAKE-BAHAMA BASIN.

Figure 21. Multiple biostratigraphy of Site 391A located in Blake-Bahama Basin,

Mountain (1979) in this volume for broader dis-
cussion of paleoenvironments based on both seismi.
sisatigraphy and lithostratigraphy.

The distribution of sedimentary formations
within the North American Basin is shown on a
scnematic geologic cross section, which parallels
the continental margin from south to north (A-B on
Figure 22} and suts the basin latitudinally from
tha North American margin toward the Mid Atlantic
Ridge between (B-C}. The oldest formation defined
in the North American Basin is the Cat Gap Forma-
tion. It consists of reddish~brown and greenish-
grey pelagic argillaceous limestone of Oxfordian-
Tithonian age and occupies the western part of the
basin on crust older than about anomaly M-23. It
is mappable using seismic Horizon C which may
correspond to its upper contact, The overlying
Blake-Bahama Formatiou is light grey-pelagic
limestone of Tithonian-Barremiap age. It is
mappable -as the acoustic interval betweer seismic
Horizon- 8 and Horizon f, and pinches out eastwards
on oceanic-crust geneva.ly of -Hauterivian to

Barremian age. The Hatteras Formation consists of
green-grey and black shale and claystone of
Barremian-Cenomanian age and commonly has a high
content of organic carbon derived from terri-
geneous and marine sources. The overlying Planta-~
genet Formation is varicolored, locally zeolitic
clay of Late Cenomanian to Paledcene or Early
Eocrue age. Low accumulation rates and local
enrichment in metallic ions are notable charac-
teristics of this unit. Within this formation
Middle to Upper Maastrichtian marl and chalk of
the Crescent Peaks Member correlate with seismic
Horizon A*.

The two formations which comprise most of the
Cenozoic svdiments are the Bermuda Rise and the
Blake Ridg: Formations. The Bermuda Rise Forma-
tion contains chert and clayey and calcareous
sediments enriched ir biogenic silica. It is of
Late -Paleocene to Middle Eocene age. The top of
the chert correlates with seismic HorizZon A~ which
is widespread in the North American Basin. Most
of this formation is absent beneath the conti-
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nental rise because of Late Paleogene or Early
Neogene erosion by bottom currents. The Blake
Ridge Formation is a hemipelagic grey-green mud
with local debris flow and turbidite deposits of
Middle Eocene to Holocene age. Along the conti-
nental margin, most of this formation is of
Miocene age, and it is the presence of these
sediments that is responsible for the present
morphologic expression of the continental rise.
Within the Blake Ridge Formation, Miocene intra-
clastic chalks of the Great Abaco Member were
deposited by debris flows from the adjacent Blake
Plateau and Bahama Banks. This member is confined
to the Blake—~Bzhama Basin and can be mapped using
seismic reflector M.

The sedimentavy evolution of the basin reflects
the interaction of factors including climate, sur-
face and abyssal circulation, biogenic production,
sea level changes and tectonic events. The Cat
Gap and Blake-Bahama Formations were deposited
near or above the CCD, while the Hatteras and
Plantagenet Formations were deposited below the
CCD, which shallowed significantly during the
Barremian. Temporary but sharp deepening, and
rise of the CCD resulted in deposition of marl and
chalk of the Crescent Peaks Member. In the Ter-
tiary, the Bermuda Rise and Blake -Ridge Formations
were deposited mostly below the CCD (Figure 23).

Upper Jurassic and Lower -Cretaceous sediments
(Cat Gap Formation, Blake-Bahama Tormation) are
primarily pelagic limestone sequences. Tocal
influx of mixed bioclastic and terrigenous debris
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occur near the continental margin, but most
reworked sediment observed in borehcles is the
result of local slumping and fine-grained turbi-
dite deposition. Some fine-scale lencing and
lamination in these sediments may represent
revorking by weak bottom currents. The scarcity
of terrigenous sediment in the Oxfordian-~Hauteri-
vian sedimentary sequences of the North American
Basin reflect low precipitation and low relief of
the surrounding land. Extensive carbonate depo-
sition on the shelves, alsy noticeable by the
presence of 'shallow-water' cavbonate turbidites,
indicates warm climate.

Gradual replacement of carbonate by terrigenous
sediment on the North American shelf occurred
during Tithonian-Berriasian time, but this change
is not reflect'd in the deep sea basin until the
Barremian. Better correlation exists between an
approximately Hauterivian termination of carbonate
deposition in both the deep sea and on the shelf.
The top of the shelf carbonates on the north-
western shelf of the North American Basin is an
excellent seismic reflector which may correlate
with seismic horizon B of the deep sea basin.

In Valsnginian time pulses of anoxic condi-
tions began in the basin with resulting-deposition
of dark marly chalk aad calcareous clay beds at
the top of the Blake Bahama Formation. This
process culminated approximately in the Barremian,
with the establishment of alternating anoxic and
low-oxygen conditions in the deep basin., Terres-
trial and marine organic carbon were preserved
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Figure 23. Depth variation of the calcite compensation depth (CCD) through the

Mesozoic and Cenozoic in the North American Basin, from Tucholke and

Vogt (1979), with Site 391C

along seafloor age versus depth curves for that site.

added. Lithclogy at each site is plotted

Site 391C may

have experienced anomalous subsidence because of its position near the

Blake Plateau, and the site

paleodepth curve depicted may be too deep.

The anomalously deep initial ridge-crest elevation (3300 m), the pre-
sence of aragonite in the Jurassic sediments, the early cut-off in
reducing (black clay) conditions suggest the Mesozoic part of the curve
should be at least 600 m shallower.

beneath stagnant to sluggishly circulating deep
water, but surface circulation and organic produc-
tivity were well developed. Much of the calcar-
eous and siliceous biogenic debris found locally
within the Hatteras Formation probably had inter-
mediate residence on shallow sea floor above the
CCD (continental margin, mid-ocean ridge flank,
seamounts) before being rapidly emplaced in the
deep basin by turbidity currents. Deposits that
are synchrvonous to the Hatteras Formation on the
North American Shelf are deltaic, coal-bearing
deposits, which may explain the high content of
plant debris in the Hatteras Formation. Lack of a
similar influence of Lower Cretaceous coal-bearing
clastic strata on the deep-sea deposits may be due
to trapping of clastic debris behind the shelf
edge carbonate platforms. -

Increased deep-water oxygenation in the Late
Cretaceous (post-Cenomanian) is indicated by the
Plantagenet Formation with its varicolored clays

and metalliferous deposits. Accumulation rates in
the Plantagenet Formation were very low, with the
influx of the terrigenous sediment to the basin
being minimized by progressing mid-Cretaceous
transgression. The North American Basin during
Late Cretaceous was sediment starved.

The brief period of chalk deposition during the
Maastrichtian was an ocean-wide event which also
influenced shelf deposition. The chalks on the
shelf are prominent geismic reflectors approxi-
mztely correlatable with the seismic Horizon A* of
the deep North American Basin.

During Late Paleocene through Middle Eocene
time, deposition of biogenic silica predominated
in the deep North American Basin below the CCD,
and mixed calcareous-siliceous .edimenig were
deposited in shallower depth. Increased produc-
tivity of siliceous organisms during thic time may
reflect enhanced circulation and upwelling in
response to cooler climates. High productivity
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zones were probably well developed along the
circum-global 'equatorial' flow through the

Tethys, North Atlantic and Pacific Oceans, and
biogenic silica production may have been accen-
tuated by Eocene volcanism (Berggren and Hollister,
1974; Gibson and Towe, 1971).

Turbidites originating from the continental mar-
gin and deposited on a regional scale first became
important in the Paleocene, and by the Eocene they
reached the Bermuda Rise region. Turbidites on
the Bermuda Rise predate formation of the Rise in
the Middle to Late Eocene and they form parts of
the Bermuda Rise and Blake Ridge Formationms.
Volcaniclastic turbidites derived from weathering
of the Bermudian volcanic basement were deposited
around the pedestal in Late Eocene and Oligocene
time. In the Blake-Bahama Basin a series of
debris flows incorporated pelagic shelf carbonates
and hemipelagic mud, and formed a thick sedimen-
tary sequence spanning most of Miocene. Coarser-
grained terrigeneous sediment has been deposited,
mostly during the Late Pliocene and Pleistocene,
in pockets along the continental rise and in the
modern abyssal plains by turbidity currents.

These turbidites and debris flow deposits all form
facies variations within the Blake Ridge Forma-
tion.

Bottom~current activity markedly affected the
sedimentary record in the Late Cenozoic. A major
unconformity was eroded into the continental rise
some time between Late Eocene and the earliest
Miocene, excavating Lower Cretaceous sediments.
Rapid hemipelagic deposition controlled in large
part by bottom currents has dominated the sedi-
mentary record since the Early Miocene. The
present continental rise and depositional outer
ridges were formed in this regime.

Acknowledgements

We are indebted to Hollis D. Hedberg, Peter
Scholle, John Milliman, Graham Williams, and John
Bujak for critical comments on the manuscript and
to colleagues at the Atlantic Geoscience Centre
and Lamont-Doherty Geological Obserxvatory for
lively discussions on problems of Mesozoic-Cenozoic
sedimentation in the Atlantic and surrounding
continental margins. Critical comments about
deep-basin lithostratigraphy were received from
numerous colleagues at an informal workshop held
at Woods Hole in September 1976; these comments
formed the working basis of this report and are
gratefully acknowledged. Data and samples for
this reporr were provided by the Deep Sea Drilling
Pvoject, supported.by the National Science Founda-
tion. Support by the Geological Survey of Canada
(L.F.J. and F.H.G.) and National Science Founda-
tion Grants EAR76-12478 (P.E.), DES-75-21594 and
OCE-76-82326 (R.E.S.), OCE-76-~02038 and QNR Con-
tract N00014-75-C-0210 (B.E.T.), during prepara-

tion of this paper 1s graterully acknowledged. We

thank Gary Cook and Betty Batchelder for drafting
the figures., Contribution number 2755 of Lamont~
Doherty Geological Observatory.

52 JANSA

References

Arthur, M.A., A model for genesis of rate Creta-
ceous multicolored claystones of the western
Atlantic, in Tucholke, B.E., Vogt, P.R. et al.,
Initial Reports of the Deep Sea Drilling
Project, 43, Washington (U.S. Government
Printing Office), 1979.

Aubouin, J., Réflexions sur le faciés "ammonitico
rosso", Bull. Soc. Géol. Fr., 7, 475-301, 1964.

Aumen:>, F., W.G. Melson et gl., Leg 37 - the
volcanic layer, Geotimes, 16-18, 1974,

Azéua, J., R. Bourrouilh, Y. Champetier,

Fourcade and Y. Rangheard, Rapports
stratigraphiques, paléogéographiques et struc-
turaux entre la chaine Ibérique, les Cordil-
léres Bétiques et les Baléares, Bull. Soc.
Géol. Fr. XVI, 101-237, 1976.

Bader, R. G., R.D. Gerard, W.E. Benson, H.M. Bolli,
W.W. Hay, W.T. Rothwell, Jr., M.H. Ruef,

W.R. Riedel and F.L. Sayles, Initial Reports
of the Deep Sea Drilling Project, 4,
Wabhzngton (U S. Government Printing Office),
753 p., 1970.

Bathurst, R.G.C., Carbonate sediments and their
diagenesis, Dev. Sedimentol., 12, Elsevier,
620 p., 1971.

Benson, W.E., R.E. Sheridan, P. Enos, T. Freeman,
F. Gradstein, I.0. Murdmaa, L. Pastouret,

R.R. Schmidt, D.H. Stuermer, F.M. Weaver,

and P. Worstell, Initial Reports of the

Deep Sea Drilling Project, 44, Washlngton
(U.S. Government Printing offlce) 1005, 1978.

Berggren, W.A. and C.D. Hollister, Paleogeography,
paleobiogeography, and the history of circula-
tion in the Atlantic Ocean, in Hay, W.W. (ed.),
Studies in Paleo-oceanography, Soc. Econ. Pal.
Min. Spec. Publ. 20, 126-186, 1974.

Berggren, W.A., D.P. McKenzie, J.G. Sclater,
and J.E. Var Hinte, World-wide correlation of
Mesozoic magnetic anomalies and its implica-
tions: discussion and reply, Geol. Soc. Amer.
Bull., 86, 267-272, 1975.

Bernoulli, D., North Atlantic and Mediterranean
Mesozoic Facies: A comparison, in Hollister,
C.D., Ewing, J.I. et al., eds., Initial Reports
of the Deep Sea Drilling Project, 11, Washingtun
(U.S. Government Printing Office), 801-871,
1972,

Bernoulli, D., and H.C. Jenkyns, Alpine, Mediter-
ranean, and Central Atlantic Mesozoic facies in
relation to the early evolution of the Tethys,
in Dott, R.H., Jr., and Shaver, R.H., eds.,
Modern and Ancient Geosynclinal Sedimentation,
Soc. Econ. Pal. Min., Spec. Publ. 19, 129-160,
1974,

Bolli, H., W.B.F. Ryan et al., Basins and margins
of the eastern south Atlantic, Geotimes, 22-24,
1975.

Bosellini, A., and E.L. Winterer, Pelagic lime-
stones and radiolarite of the Tethyan Mesozoic:
A genetic model, Geology, 279-282, 1975.

Bryan, W.B., Textural and mineralogical relatioms
of basalts from Sites 100 and 105, in Hollister,




C.D., Ewing, J.I., et al., Initial Reports of
the Deep Sea Drilling Project, 11, Washington

(U.S. Government Printing Office), 873-876,
1972.

Bryan, W.B., P.T. Robinson ¢t al., Studving
oceanic layeis, Geotimes, 22-26, 1977.

Bukry, D., Cenozoic coccolith, silicoflagellate,
and diatom stratigraphy, Deep Sea Drilling
Project, Leg 44, in Benson, W.E., Sheridan,
R.E. et al., Initial Reports of the Deep Sea
Drilling Project, 44, Washington {U.S. Govern-
ment Printing Office), 807-864, 1979.

Cepek, P., Mesozoic calcareous nannoplankton of
the Eastern North Atlantic, Leg 41, in Lancelot,
Y., Seibold, E. et al., Initial Reports of the
Deep Sea Drilling Project, 41, Washington (U.S.
Government Printing Office), 1978.

Cook, H.E., North American stratigraphic princi-
ples as applied to deep-sea sediments, Amer.
Assoc. Petrol. Geol. Bull., 59, 5, 817- 837
1975.

Dabrio, C.J., J.M. Gonzales-Donoso, P. Rivas, and
J.A. Vera, Geology of the sub-betic zone,
American Geological Institute - Guidebook - X
International Field Institute 1971, 171-196,
1971.

Dean, W.E., J.V. Gardner, L.F. Jansa, and P.
Cepek, Cyclic sedimentation along the conti-
nental margin of Northwest Africa, Leg 41, Deep
Sea Drilling Project, in Lancelot, Y., Seibold,
E. et al., Initial Reports of the Deep Sea
Drilling Project, 41, Washington (U.S. Govern-
ment Printing Office), 965-990, 1979.

Demars, K., Engineering and other physical prop-
erties data, Leg 43 in Tucholke, B.E., Vogt,
P.R. et al., Initial Reports of the Deep Sea
Drilling Project, 43, Washington (U.S. Govern-
ment Printing Office), 1979.

Didon, J., M. Durand-Delga, and J. Kornprobst,
Homologies géologiques entre les deux rives du
détroit de Gibraltar, Bull. Soc. Géol. Fr., 7,
77-105, 1073.

Douglas, R.G., N. Moullade, and M.E. Nairn, Causes
and consequences of continental drift in the
South Atlantic, in Tarling, D.H., and Runcorn,
S.K., eds., Implications of continental drift to
the Earth Sciences, 1, Academic Press, London,
517-537, 1973.

buff, K.L., Paleoecology of a bituminous shale -
the Lower Oxfordian clay of central England,
Paleontology, 18, Part 3, 443-482, 1975.

Enos, P., and T. Freeman, Shallow-water limestones
from the Blake Nose, Sites 390 and 392, in
Benson, W.E., Sheridan, R.E. et al., Initial
Reports of the Deep Sea Drilling Project, 44,
Washington @.S. Government Printing 0ff1ce),
413-462, 1978.

Ewing, J.I., and C.D. Hollister, Regional aspects
of deep sea drilling in the western North
Atlantic, in Hollister, C.D., Ewing, J.I. et
al., Initiai Reports of the Deep Sea Drilling
Project, 11, Washington (U.S. Government Print-
ing Office), 951-995, 1972.

Ewing, M., J.L. Worzel, A.O. Beall, W.A. Berggren,

J.D. Bukry, C.A. Burk, A.G. Fischer, and E.A.
Pessagno, Jr., Initial Reports of the Deep Sea
Drilling Project, 1, Washington (U.S. Government
Printing Office), 672 p., 1969.

Fischer, A.C., and M. Arthur, Secular variation
in the pelagic realm, in Cook, H.E., and Enos,
P., eds., Deep-water carbonate environments,
Soc. Econ. Paleontol. Mineral. Spec. Publ. 25,
1978.

Flood, R.D., X~ray mineralogy of DSDP Legs 44
and 44A, western North Atlantic: Lower conti-
nental rise hills, Blake Nose, and Blake-Bahama
Basin, in Benson, W.E., Sheridam, R.E. et al.,
Initial Reports of the Deep Sea Drilling Pro-
ject, 44, Wash1ngton n (U.S. Government Prlntlng
Office), 515-522, 1978.

Freeman, T., and P. Enos, Petrology of Upper
Jurassic-Lower Cretaceous Limestones, Site 391,
in Benson, W.E., Sheridan, R.E. et qi., Lnitial
Reports of the Deep Sea Drilling Project, 44,
Washington (U.S. Government Printing Office),
463-475, 1978,

Funnel, B.M., Foraminifera and Radiolaria as
depth indicators in the marine environment, Mar.
Geol. 5, 333, 1967.

Garrison, R.E., Pelagic limestones of the Oberalm
Beds (Upper Jurassic-Lower Cretaceous), Austrian
Alps, Bull. Can. Petrol. Geol., 15, 21-49, 1967.

Gibson, T.G., Late Mesozoic-Cenozic tectonic
aspects of the Atlantic coastal margin, Geol.
Soc. Amer. Bull., 81, 1813-1822, 1970.

Gibson, T.G., and K.M. Towe, Eocene volcanism and
the origin of Horizon A, Science, 172, 153-154,
1971.

Gonzadles~Donoso, J.M., A. Linares, A.C. Lopez-
Garrido, and J.A. Vera, Bosquejo estratrigrafico
del Jurasico de Las Cordilleras Béticas, Cuad.
Geol. Iberica, 2, 55-90, 1971.

Gradstein, F.M., G.L. Williams, W.A.M. Jenkins,
and P. Ascoli, Mesozoic and Cenozoic strati-
graphy of the Atlantic continental margin,
Eastern Canada, in Yorath, C.J., Parker, E.R.,
and Glzss, D.J., eds., Canada's Continer*:l
Margins and Offshore Exploration, Can. Soc.
Petrol. Geol., Memoir 4, 103-131, 1975.

Gradstein, F.M., Blostrat1graphy and biogeography
of Jurassic Grand Banks Foraminifera, Proceed-
ings of ‘'Benthonics 75', Halifax (N.S.), Mari-
time Sed. Spec. Publ. 1, pt. B, 557-583, 1977.

Gradstein, F.M., Biostratigraphy of Lower Creta-
ceous Blake Nose and Blake-Bahama Basin Fora-
minifers, DSDP Leg 44, western North Atlantic
Ocean, in Benson, W.E., Sheridan, R.E. et al.,
Initial Report Deep Sea Drilling Project, v.
44, Washington (U.S. Government Printing Office),
663-702, 1978.

Gradstein, F.M., D. Bukry, D. Habib, 0. Renz,
P.H. Roth, R.R. Schmidt; F.M. Weaver, and F.H.
Wind, Biostratigraphic summary of DSDP Leg 44 -
northwestern Atlantic Ocean, Zn Benson, W.E.,
Sheridan, R.E. et al., Initial Reports Deep Sea
Drilling Project, v. 44, Washington (U.S.
Government Printing Office), 657-662, 1978.

Grow, J.A., and R.G. Markl, IPOD-USGS multi-

JANSA 53




3 b PR A IT. HRTITE Er ATo  +
: ' .

channel seismic reflection profile from Cape
Hatteras to the Mid-Atlantic Ridge, Geology,
6, 625-630, 1977.

Grunau, H.R., Radiolarian cherts and associated
rocks in space and time, Eclogae Geol. Helv.
58, 157-208, 1965.

Grunau, J.R., P. Lehner, M.R. Cleintauar,

P. Allenbach, and G. Bakker, New radiometric
ages and seismic data from Fuerteventura
(Canary Islands), Maio (Cape Verde Islands)
and Sao Tome (Gulf of Guinea), in Prog.
Geodynam., Amsterdam, 90-118, 1975.

Habib, D., Dinoflagellate stratigraphy, Leg 11,
Deep Sea Drilling Project, iz Hollister. C.D.,
Ewing, J.I. et al., Initial Reports of the
Deep Sea Drilling Project, 11, Washington
(U.S. Government Printing Office), 367-426,
1972.

Habib, D., Comparison of Lower and Middle Cre-
taceous palynostratigraphic zonations in the
western North Atlantic, in Stratigraphic
Micropaleontology of Atlantic Basin and
Borderlands, Elsevier Publishing Co.,

341-367, 1977.

Habib, D., 2alynostratigraphy of the Lower
Cretaceous section at Deep Sea Drilling Pro-
ject Site 391, Blake-Bahama Basin and its
correlation in the North Atlantic, in Benson,
W.E., Sheridan, R.E. et al., Initial Reports
of the Deep Sea Drilling Project, 44, Washing-
ton (U.S. Government Printing Office), 887-898,
1978.

Habib, D., Cretaceous palynostratigraphy at
Site 387, West Bermuda Rise, in Tucholke, B.E.,
Vogt, P.R. ¢t al., Initial Reports of the
Deep Sea Drilling Project, 43, Washington (U.S.
Government Printing Office), 1979.

Hallam, A., Mesozoic geology and the opening of
the North Atlantic, J. Geol., 79, 129-157, 1971.

Hathaway, J.C., and P.L. Sachs, Sepiolite and
clinoptilolite from the Mid-Atlantic Ridge,
Amer. Mineral., 50, 852, 1965.

Hathaway, J.C., J.S. Schlee, C.W. Poag, P.C.
Valentine, E.G.A. Weed, M.H. Bothner, F.A.
Kohout, F.T. Manheim, R. Schoen, R.E. Miller,
and D.M. Schultz, Preliminary summary of the
1976 Atlantic Margin Coring Project of the
U.S. Geological Survey, U.S. Geol. Sur. _ Open
File Report No. 76-844, 217 p., 1976.

Hayes, D.E., A.C. Pimm, W.E. Benson, W.H. Berger,
U. von Rad, P.R. Supko, J.P. Beckman, and P.H.
Roth, Initial Reports of the Deep Sea Drilling
Project, 14, Washington (U.S. Government Printing
Office), 975 p., 1972,

,Hayes, J.D., and W.C. Pitmann, III, Lithospheric
-plate motion, sca level changes and climatic and
ecological consequences, Nature., 246, 18-22,
1973.

Hayes, D.E., and P.D. Rabinowitz, Mesozoic mag-
netic lineations and the magnetic quiet zone off
northwest Africa, Earth Planet. Sci. Lett., 28,
101-115, 1975.

Hedberg, H.D., ed., International stratigraphic
guide: International Subcommittee on Strati-

54  JANSA

graphic Classification of IUGS Commission on
Stratigraphy, New York, John Wiley, 200 p.,

Heezen, B.C., C.D. Hollister, and W.F. Ruddiman,
Shaping of the continental rise by deep geo-
strophic contour currents, Science, 152, 502-
508, 1966.

Heezen, B.C., M. Thorp, and M. Ewing, The floors
of the oceans. 1 - North Atlantic, Geol. Soc.
Amer. Spec. Paper 65, 122 p., 1959.

Hess, H., Planktonic crinoids of Late Jurassic age
from Leg 11, Deep Sea Drilling Project, in
Hollister, C.D., Ewing, J.I. et gql., Initial
Reports of the Deep Sea Drilling Project, 11,
Washington (U.S. Government Printing Office),
631-644, 1972.

Hollister, C.D. and B.C. Heezen, Geologic effects
of ocean bottom currents: western North Atlantic,
in Gordon, A.L., (ed.), Studies in Physical
Oceanography, 2, Gordon and Breach, New York,
37-66, 1972,

Hollister, C.D., J.I. Ewing, D. Habib, J.C. Hatha-
way, Y. Lancelot, H. Luterbacher, F.J. Paulus,
W. Poag, J.A. Wilcoxon, and P. Worstell, Initial
Reports of the Deep Sea Drilling Project, 11,
Washington (U.5. Government Printing Office),
1077 p., 1972.

Hurley, P.M., The conformation of the continental
drift, Sci. Amer. 218, 52-64, 1968.

Jansa, L.F., The central North Atlantic Basin -
Its birth and disappearance, Proc. Congr. Int.
Sedimentologie, Nice, t. 2, 231-236, 1975.

Jansa, L.F., in press, Le Cretacé au large de la
marge Iberique, Cah. Micropaleont.

Jansa, L.F., J. Gardner, and W.E. Dean, Mesozoic
sequences of the central North Atlantic, in
Lancelot, Y., Seibold, E. et al., Initial
Reports of the Deep Sea Drilling Project, 41,
Washington (U.S. Government Printing Office),
991-1031, 1978.

Jansa, L.F., and J.A. Wade, Geology of the con-
tinental margin off Nova Scotia and Newfound-
land, in Offshore Geology of Eastern Canada,
Can. Geol. Surv. Paper 74-30, 2, 51-105, 1975a.

Jansa, L.F., and J.A. Wade, Paleogeography and
sedimentation in the Mesozoic and Cenozoic,
southeastern Canada, in Yorath, C.J., Parker,
E.R., and Glass, D.J., eds., Canada‘'s Conti-
uental Margins and Offshore Exploratioa, Can.
Soc. Petrol. Geol. Memoir 4, 79-102, 1975b.

Jefferies, R.P.S., and P. Minton, The mode of
life of two Jurassic species of "Posidonia"
(Bivalve). Paleontology, 8, 156-185, 1965.

Jenkyns, H.C., The genesis of condensed sequences
in the Tethyan Jurassic, Lethaia, 4, 327-352,
1971.

Jordan, R., Salz-und Erdol/Erdgas-Austritt als
Fazies pestimmende Faktoren im Mesozoikum
Nordwest-Deutschlands, Geol. Jahrb. Reihe A, 13,
64, 1974.

Jukes-Brown, A.5., and J.B. Harrison, Geology of
Barbados, Part II: Oceanic deposits. Quart.
J. Geol. Soc. London, 48, 170-226, 1891.

Kuhry, B., Observations on filaments from the




r]

Subbetic of SE Spain, Rev. Espan. Micropaleontol.,

7, 231-243, 1975.

Kuhry, B., S.W.G. De Clercq, and L. Dekker,
Indications of current action in Late Jurassic
limestones, radilarian limestones, Saccocoma
limestones and associated rocks from the Sub-
betic of SE Spain, Sediment. Geol., 15, 235-

258, 1976.

Lancelot, Y., J.C. Hathaway, and C.D. Hollister,
Lithology of sediments from the western North
Atlantic, Leg 11, Deesp Sea Drilling Project,
in Hollister, C.D., Ewing, J.I. et al., Initial
Reports of the Deep Sea Drilling Project, 11,
Washington (U.S. Government Printing Office),
901-950, 1972.

Lancelot, Y., E. Seibold, W.E. Dean, L.F. Jansa,

V. Eremeev, J. Gardner, P. Cepek, V. Krashenin-

nikov, V. Pflaumann, D. Johnson, G. Rankin, and

P. Trabant, Initial Reports of the Deep Sea

Drilling Project, 41, Washington (U.S. Govern-

ment Printing Office), 1259, 1978.

Larson, R.L., and T.W.C. Hilde, A revised time
scale of magnetic reversals for the Early
Cretaceous and Late Jurassic, J. Geophys. Res.,
80, 2586-2594, 1975.

Laubscher, H.P., Gewegung und Warme in der alpinen
Orogense, Schweiz. Mineral. Petrogr. Mitt. 50,
503, 1970.

Lehman, R., Microfossils in thin sections from
the Mesozoic deposits of Leg 11, Deep Sea
Drilling Project, isn Hollister, C.D., Ewing,
J.1. et al., Initial Reports of the Deep Sea
Drilling Project, 11, Washlngton " (J.S. Govern-
ment Printing Offxce) 659-6656, 1972.

Luterbacher, H., Foraminifera from tho Lower
Cretaceous and Upper Curassic of the North~
western Atlantic, in Hollister, C.D., Ewing,
J.1. et al., Initial Reports of the Deep Sea
Drilling Project, 11, Washington (U.S. Govern-
ment Printing Office), 561-594, 1972.

Luterbacher, H.P., and I. Primoli Silva, Note
preliminaire sur une revision du proil de
Gubbio, Italie, Riv. Ital. Paleontol. Stratigr.,
70, 67, 1962,

Luyendyk, B.P., Gondwanaland dispersal and the
early formation of the Indian Ocean, in Davies,
T.A., Luyendyk, B.P. ef al., Initial Reports of
the Deep Sea Drilling Project, 16, Washington
TU.5. Govermnment Printing Office), 945-951,
1974,

McCave, I.N., Diagnosis of tu.bidites at Sites 386
and 387 by particle-counter size analysis of the
silt (2-40 ym) fraction, in Tucholke, B. E.,
Vogt, P.R. ef al., Initial Reports of the Deep
Sea Drilling Project, 43, quhlngton (1.3.
Government Printing Offlce) 1979.

McIver, N.L., Cenozoic and Mesozoic stratigraphy
of the Nova Scotia Shelf, Can. J. Eacth Sci., 9,
54-70, 1972,

McNulty, C., Smaller Cretaceous foraminifers of
Leg 43, Deep Sea Drilling Project, in Tucholke,
B.E., Vogt, P.R. et al., Initial Reports of the
Deep Sea Drilling Project, 43, Washingtoa . (U.S.
Government Printing Office), 1979.

Meyerhoff, A.A., and C.W. Hatten, Bahamas salient
of North America: tectonic framework, strati-
graphy, and petroleum potential, Amer. Assoc.
Petrol. Geol. Bull., 58, 1201-1239, 1974,

Morales, L.G., and the Columbian Petroleum
Industry, General geology and oil occurrences of
Middle Magdalena Valley, Columbia, <n Habitat
of 0il, Weeks, L.G., ed., Tulsa, 641-695, 1958.

Mountain, G.S., and B.E. Tucholke, Horizon 8:
Acoustic character and distribution in the
western North Atlantic; Trans. Am. Geophys.
Union, 58, 406, 1977.

Oertli, H.J., Jurassic ostracods of DSDP Leg 11
(sites 100 and 105) - preliminary account, in
Hollister, C.D., Ewing, J.I. et al., Initial
Reports of the Deep Sea Drilliug Project, 11,
Washington (U.S. Government Printing Office),
645-668, 1972.

Okada, H., and H. Thierstein, Calcareocus nanno-
plankton - Leg 43, Deep Sea Drilling Project, in
Tucholke, B.E., Vogt, P.R. et al., Initial
Reports of the Deep Sea Drilling Project, 43,
Washington (U.S. Government Printing Office),
1979.

Paulus, F.J., Leg 1l measurements of physical
properties in sediments of the western North
Atlantic and their relationship to sediment
consolidation, <2 Hollister, C.D., Ewing, J.I.
et al., Inztial Reports of the Deep Sea Drilling
Project, 11, Washiugton (U.S. Government Print-
ing Office), 667-721, 1972.

Perry, W.J3., J.P. Mina®d, E.G.A. Weed, E.I.
Robins, and E.C. Rhodemhamel, Stratigraphy of
the Atlantic continental margin of the United
States north of Cape Hatteras ~ brief survey,
Amer. Assoc. Petrol. Geol. Bull., 59, 1529-154§,
1975,

Pessagno, E.A., Jr., Mesozoic Planctonic Foramin-
xfera and Radiolaria, in Ewing, M., Worzel, L.J.
et al , Initial Reports of the Deep Sea Drilling
Project, 1, Washingtor (U.S. Covernment Printing
Office), 607-611, 1969.

Peterson, M.N.A., N.T. Edgar, C. von der Borch,
M.B. Cita, S. Gartner, Jr., R. Goll, and C.
Nigrini, Initial Regorts cf the Deeg Sea
Drilling Project, 2, Washington (U.S. “Government
Printing Office), 491 p., 1970.

Pitman, W.C.,III, M. Talwani, and J.R. Heirtzler,
Age of the North Atlantic from magnetic anom-
alies, Earth Planet. Sci. Lett. 11, 195-200,
1971.

Poag, C.W., .eogene planktonic foraminiferal
biostratigraphy of the western North Atlartie,
Deep Sea Drilling Project, Leg 1V, in Holilster,

C.D., Ewing, J.I. et 2i., Initial Reports of the

Deep Sea Drilling Project, 11, Washington (U.S.
Government Printing Office), 483-522, 1972.

Poag, C.W., Foraminiferal biostratigraphy, in
Scholle, P.A., ed., Geological studies on the
COST B-2 well, U.S. Mid-Atlantic OQuter Conti-
nental Shelf areas: U.S. Geol. Surv. Circ. 750,
35-36, 1977.

Renz, 0., Aptychi (Ammonoidea) from the Upper
Jurassic and Lower Cretaceous of the western

JANSA

56

3




North Atrlantic (Site 105, Leg 11, DSDP), ix
Hollister, C.D., Ewing, J.I. ¢t al., Initial
Reports cf the Deep Sea Drilling Project, 11,
Washington {U.S. Governmer.t Printing Office),
607-630, 1972.

Renz, 0., Aptychi (Ammonoidea) from rhe Early
Cretaceous of the Blake-Bahama Basi Leg 44,
Hole 391C, Deep Sea Drilling Project, in
Bensoun, W.E., Sheridan, R.E. et al., Initial
Reports of the Deep Sea Drilling Project, 44,
Washington (U.S. Govermment Printing Office),
899-910, 1978.

Renz, 0., R. Imlay, Y. Lancelot, and B.F. Ryan,
Ammonite-rich Oxfordian limestones from the base
of the continental slope off Northwest Africa,
Eclogae Geol. Helv., 68/2, 431-448, 1975.

Rhodehamel, E.C., L thologic descriptions, in
Scholle, P.A., ed., Geological studies on the
COST No. B-2 well, U.S., Mid-Atlantic Outer Coa-
tinental Shelf area, U.S. Geol. Surv. Circ. 750,
15-22, 1977.

Roth, P.H., Cretaceous nannoplankton biostrati-
graphy and paleoceanography of the northwes:ern
Lteantiec, in Benson, W.E., Sheridan, R.E. et
al., Ipitial Reports of the Deep Sea Drilling
Pro3ceh, L 4, Washington (U.S. Goverament Print-
ing Offlﬂe), 731-760, 1978.

Ryan, W.B.F., J.C. Sibuet et al., Passive conti-
nental margin, Geotimes, 21-24, 1976.

Saito, T., L.H. Burckle, and M. Ewing, Lithology
and paleontology of the reflective layer,
Horizon A, Science, 154, 1173, 1966.

Schlanger, 5.0., and H.C. Jenkync, Cretaceous
oceanic anoxic events: causes and consequences,
Geol. Mijnbouw, 55, 179-184, 1976.

Schlee, J., J.C. Behrendt, J.A. Grow, J.M. Robb,
R.E. Mattick, P.T. Taylor, and B.,J. Lawson,
Regional geologic framework off Northeastern
United States, Amer. Assoc. Petrol. Geol. Bull.
60, 926-951, 1976.

Schmidt, R.R., Calcareous nannoplankton from the
western North Atlantic of DSDP Leg 44, in
Benson, W.E., Sheridan, R.E. et ql., Initial
Reports of the Deep Sea Drilling Project, 44,
Washiagton (U.S. Government Printing Office),
703-730, 1978.

Scholle, P.A., ed., Geological studies on the COST
No. B-2 Well, U.S. Mid-Atlantic Outer Conti-
nental Shelf area, U.S. Geol. Surv. Circ. 750,
71, 1977.

Schouten, H., and K.D. Klitgord, Mesozoic magnetic
anomalies, western North Atlantic, Map MF-915,
U.S. Geol. Surv., 1977.

Sclater, J.G., and R. Detrick, Elevation of mid-
ocean ridges and the basement age of JOIDES Deep
Sea Drilling sites, Geol. Soc. Amer. Bull., 84,
1547-1554, 1373.

Sheridan, R.E., X. Golovchenko, and J.I. Ewing,
Late Miocene turbidite horizon in the Blake-
Bahama Basin, Amer. Assoc. Petrol. Geol. Bull.
58, 1797-1805, 1974.

Sheridan, R.E., C.C. Windisch, J.I. Ewing, and
P.L.. Stoffa, Structure and stratigraphy of the
Blake Escarpment based on seismic reflection-

56 JANSA

profiles, Amer. Assoc. Petrol. Geol. Spec. Paper
on Continental Slopes and Rises, Watkins, J.,
and Montadest, L., eds.

Smith, M.A., R.V. Amato, M.A. Fuvbush, D.M. Pert,
M.E. l'elson, J.S.Hendrix, L.C. Tamm, G. Wood,
Jr., aad D.R. Shaw, Geological and operational
summary, COST No. B-2 well, Baltimore Canyon
Trough area, Mid-Atlantic OCS, U.S. Geol. Surv.,
Open File Rep. 76-774, 78 p., 1976.

Stahlecker, R., Necom auf der Kapverden-Insel
Maio, Neues Jahrb. Miner., 73. B, 265-301, 1934.

Swain, F.M., Ostracoda from wells in North Caro-
lina, Part 2, Mesozoic Ostracods, U.S. Geol.
Surv. Prof. Paper 234-B, 59-90, 1952.

Thierstein, H.R., Calcaresus nannoplankton bio-
stratigraphy at the Jurassic—Cretaceous boun-
dary, Bur. Recher. Geol. Minier. Mem. 86, 84—
94, 1975.

Thierstein, H.R., Mesozoic calcareous nanno-
plankton biostratigraphy of marine sediments,
Mar. Micropaleont., 1, 325-362, 1976.

Tucholke, B.E., Relationships between acoustic
stratigraphy and lithostratigraphy in the
western North Atlantic basin, in Tucholke, B.E.,
Vogt, P.R. et qi., Initial Reports of the Ceep
Sea Drilling Project, 43, Washington (U.S.
Government Printing Office), 1979.

Tucholke, B.E., and J.I. Ewing, Bathymetry and
sediment geometry of the Greater Antilles Outer
Ridge and vicinity, Geol. Soc. Amer. Bull., 85,
1789-1802, 1974.

Tucholke, B.E., P.R. Vogt, K. Demars, J. Galehouse,
R.L. Houghton, A.G. Kaneps, J. Kendrick, I.N.
McCave, C.L. McNulty, I.0. Murdmaa, H. Okado,
and P. Rothe, Initial Reports of the Deep Sea
Drilling Project, 43, Washington (U.S. Govern-
ment Printing Office), 1979.

Tucholke, B.E., and G.S. Mountain, Seismic strati-
graphy, litnostrdtigraphy, and paleosedimenta-
tion patterns in the western North Atlantic, Am.
Geophys. Urion, Maurice Ewing Series, 3 (this
volume), 1979.

Uchupi, E., Bathymetric atlas of the Artlantic,
Caribbean, and Gulf of Mexico, Woods Hole
Oceanogr. Inst. Ref. No. 71-72 (unpublished
manuscript), 1971.

van Hinte, J.E., A Jurassic time scale, Amer.
Assoc. Petrol. Geol. Bull., 60, 489-497 1971.

van Hinte, J.E., A Cretaceous time scale, Amer.
Assoc. Petrol. Geol. Bull., 60, 498-516.

Veevers, J.J., ard J.R. Heirtzler, Tectonic and
paleogeographic synthesis of Leg 27, in Veevers,
J.3., Heirtzler, J.R. et al., Initial Reports of
the Deep Sea Drilliag Project, Washington (U.S.
Government Printing Office), 27, 1049-1C54,
1974.

Vogt, P.R., and A.M. Einwich, Magnetic anomalies
and sea-floor spreading in the western North
Atlantic and a revised calibration of the
net.nley (M) geomagnetic reversal chronclogy, in
Tuchclke, B.E., Vogt, P.R. et al., Initj.1l
Reports_of the Deep Sea Drilling Proiect, £, 43,
Washington (U.S. Goverament Printing Office),
1979.




von Rad, U., and !I. Rosch, Mineralogv and origin
of clay minerals, silica and authigenic sili-
cates in Leg 14 sediments, on Hayes, U.E., Pimm,
A.C. «#t al., Initial Reports of the Deep Sea
Drilling Project, 14, Washington {(U.S. Govern-
ment Printing Office), 727-752, 197..

Walker, R.G., and E. Mutti, Turbidite facies and
facies associutions, im SEPM short course -
Turbidites and deep water sedimentatior. Anaheim,
119-158, 1973.

Walker, T.R., Formation of red beds in moist
climates: a hypothesis, Geol. Soc. Amer.
85, 633-638, 1974.

Wilcoxon, J.A., Upper Jurassic-Lower Cretaceous
calcareous nannoplankton from the western North
Atlantic Basin, in Hollister, C.D., Ewing, J.I.
«+ al., Initial Reports of the Deep Sea Drilling
Project, 11, Washington (U.S. Government Print-
ing Office), 427-457, 1972a.

Wilcoxon, J.A., Calcareous nannoplankton ranges,
Deep Sea Drilling Project, inm Hollister, C.D.,
Ewing, J.I. 2t al., Initial Reports of the Deep

Bull.,

Sea Drilling Project, 11, Washington (U.S.
Government Printing Office), 459-482, 1972b.
Williams, G.L., Palynological biostratigraphy,
Deep Sea Drilling Project Sites 367 aad 37C, in
Lancelot, Y., Seibold, E. er :I., eds., Initial
Reports of the Deep Sea Drilling Project 41,  Wash-
ington (U.S.Government Printing Office), 495,1978.
Wilson, J.A., Stratigraphic Commission Note 39 -
Records of the Stratigraphic Commissien for
1968-1970, Amer. Assoc. Petrol. Geol. Bull. 55,
1866-1872, 1971.
Wind, F.H., Western Nerth Atlantic La
ra

aciantt

te
calcareous nannofossil biostratigraphy -
Benson, W.E., Sheridan, R.E. ¢z 2I., Initial
Reports of the Deep Sea Drilling Project, 44,
Washington (U.S. Government Printing Office),
761-774, 1978.

Zemmels, 1., H.E. Cook, and J.C. Hathaway, X-ray
mineralogy studies, 11, in Hollister, C.D.,
Ewing, J.1. 2% 2l., Initial Reports of the Deep
Sea Drilling Project, Washington (U.S. Govern-
ment Printing Office), 729-790, 1972.

JANSA 57



ypgiyighen

SEISMIC STRATIGRAPHY, LITHOSTRATIGRAPHY AND PALEOSLDIMENTATION PATTERNS IN THE NORTh AMGRICAN BASIN

Brian E. Tucholke and Gregory S. Mountain*

Lamont-Doherty Geological Observatory of Columbia University, Palisades, New York 109ad

*Also Department of Geological Sciences, Columbia University, New York, New York 10027

Abstract. Single channel and multichannel
seismic profiles together with DSDP borehole
results from the North American Basin have
been studied to determine the nature and
distribution of major seismic reflectors and
the implications of their lithologic and age
correlations for paleosedimentation. Two
reflectors observed west of the Blake Spur
magnetic anomaly that have not been sampled
by drilling are presumed to be older than 175
m.y. The volume and reflecticn character of
sediments beneath these horizons indicate
that the Early Jurassic basin received large
amounts of terrizenous and bioclastic sedi-
ment from debris flows and turbidity cux-
rents. An overlying group of reflectors
onlaps and masks progressively younger basal-
tic basement, constituting Horizon B in the
southwest corner of the basin. These reflec-
tors may be high-velocity cediments derived
from the south and west and deposited on
relatively smooth basaltic basement formed
prior to anomaly M-23 (Late Jurassic). The
oldest sediments yet cored in the basin
immediately overlie Horizon B and are lime-
stones of Oxfordian (Late Jurassic) age. In
contrast to the seafloor-leveling nature of
pre-Horizon B sediments, these limestones are
dominantly pelagic, although seismic mapping
shows some evidence of mass-flows and cur-
rent-controlled deposition. Marly interbeds
and chert within the limestones probably
cause the acoustic laminae seen in the
overlying section, which extends upward to
Horizon B of Hauterivian to Barremian (Early
Cretaceous) age. A uniformly thin layer (v
100 m) cf black clay overlies Horizon B in

" the deep basin, but thicker accumulations

occur near the continentszl margin. Inter-
mittent desp-basin staznation with restricted
terrigenous input characterized "black-~clay"
deposition up to the end of the Cenoinian.
Sustained desp-water oxygenation resumed in

*also Debartnent of Géologicél Sciences,
Columbia University, New York, New York 10027
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the Late Cretaceous and multicolored pelagic
clays were deposited, but no significant
seismic reflector separates these sediments
from the underlying black clays. A rapid,
brief depression of the calcite compensation
depth beginning in the middie Maestrichtian
allowed carbonate-rich sediments to accumu-
late in the deepest portions of the basin,
and these correlate with the widely distri-
buted Horizen A”.

The reflecting sequence originally termed
"Horizon A" actually is a complex series of
reflectors, several of which are widespread
and have consistent lithclogic correlations.
Horizon AC is the lovwermost and most promi-
nent reflector; it corrzlates with upper-
lower to lower-middlie Eozuiae cherts that are
formed within tuvbidites : neath the western
Bermuda Rise and in variable facies else-
where. The overlying Horizon AT marks the
top of the acoustically laminated siliceous
turbidites that reached the western Bermuda
Rise before regional uplift formed the rise
in the middle to late Eonene. Above this
level, Horizoa AY correlates with volcani-
clastic turbidites that were dispersed from
Bermuda for distances up to 200 km and that
document late Paleogene subaerial erosion of
the volcanic pedestal. Horizon AU is an
unconformity along the western margin of the
basin that was eroded by bottom currents
between late Eocene aind cafly Hiocene time.
Westward under the continental rise, Horizon
A? progressively truncates Horizons AT, AC,
A™ and older sediments down to Horizon B.
Miocene and younger sediments above AU and
above laterally equivalent reflectors have an
acoustic character that shows, fcor the first
time in the history of the basin, both warked
and widespread control of depositional patterns
by deep circulation,

Introduction

Continuous seismic reflection profiles are
one of the most valuable scurces of data
available to the marine geologist for studying
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the sedimentary evolution of ocean basinms.
In the absence of borehole control, the
profiles alone yizld information on sediment
thickness, probable sediment source areas,
mode of deposition, and tectonic and ero-
sional events. Deep-sea boreholes provide
lichostratigraphic and chronostratigraphic
frameworks at points along the pr_files, and
to a first approximation the profiles extend
this stratigraphic information to regional
scales.

In 1975 we began an intensive program to
correlate the results of JOIDES borehcles in
the western North Atlantic with seismic
profiler sections across the drillsites
(Figures 1 and 2), to map the major seismic
reflectors according to character, discri-
bution and intrahorizon thickness, and to
determine paleosedimentation patterns in the
basin. Preliminary results of chese investi-
gations have been given by Tucholke (1976,
1979), Tucholke and Mountain (1977a,b), and
Mountain and Tucholke (1277). In this paper
we discuss the most extensive seismic re-
flectors in the North American Basin aud the
implications of their correlaticns with
JOIDES borehole results. This data is used to
deteruine aspects of the sedimentary history
of the basin seaward of the contimental
slope. The study is Jinmited largely to the
basin south of the New England Seamounts
because there is no adequste borehole control
nortk of the seamounts and u>cause the geolo-
gic significance of most reflectors there
still is uncertain.

The seismic data used for this study include
Lamont-Doherty (L-DGO) small and large-volume
airgun profiles, U.S. Geological Survey open—
file multichannel seismic (MCS, lines, the
IPOD-USGS MCS line {(Grow and Markl, 1977), a
University of Texas (UIMSI) MCS line across
the Blake Outer Ridge (Buffler and others,
1978) and other miscellareous single-channel
data (Figure 2). Recently acquired L-DGO
large-volume-airgun profiles across the Blake
Outer Ridge helped confirm our tracing of
deeper reflectors there (Bryan aad Marki,
unpub. data).

Lanont-Doherty records span the time
Interval from the develcpment of the seismic
profiler for use in the deep seus (Ewing and
Tirey, 1961) to the present. Early explosion
records defined gross sediment structure,
sediment distribution, and scme of the maior
reflectors in the basin (Ewing and Ewing,
1962, 1963). In mid-1964 a pneumatic sound
scurce (airgun) zeplaced the explosives.
Since that time airgun sound sources, recor—
ding technology, and reflector definition
have continually improved. Several of the
Lamont-Dohexty profiler lines acquired in the
western North Atlantic in the last three
years are 24-fold common-depth-point MCS
data. Our interpretations are based on study

of full-size records of the highest quality
available in each area. In areas of lower
data density, older records of lesser quality
were used to help map isneral sediment dis-
tribution patterns. Profiles reproduced in
this paper were selected to illustvate the
greatest number of ajor reflector rela-
tionships withir reasonable size limitations,
and they consequently may not represent the
best available data.

Partly because of improved record quality
and partly because of expanding, world-wide
data acquisition, the ncmenclature applied to
prominent seismic horizons has undergone a
somewhat tortuous development (see Tucholke,
1979). 1In this paper we use a form of the
general nomenclatural system that has de-
veloped historically (A,8,B, etc.). However,
we reccgaize that any system wich an alpha-
betic or numeric basis is destined to become
tediously complex and thus of dubious value
as improved recording technology defines more
and more gcologicaliy significant reflectors
between reflectors already named. The de~
velopment of a non-alpaanvmeric nomenclatural
system ¢ *d other seismic stratigceaphic prin-
ciples is sorely needed, and we presently are
planning a workshop on seismic stratigraphy
to deal with these problems.

We have treated the seismic stratigraphy
separately from lithostratigraphy and chrono-
stratigraphy. However, as will become evident
in succeeding pages, many deep-basin seismic
horizcns have remarkably consistent age and

ithologic correlations, probably because
major changes in sedimentation (and thus in
accustic impedance) occurred on a basin-wide
scale, especially during the Mesozoic. In
the following pages, we discuss the sedi-
mentary evolution of the North American Basin
from the Lower Jurassic to the present based
on seismic and lithostratigraphic data.
Stratigraphic relationships are summarized in
Table 1.

The Deepest Reflectors

The development of large-volume airguns and
MCS recording technology has greatly increased
our knowledge of the seismic stratigraphy in
the oldest, most deeply buried parts of the
western basin. Ta the MCS profiles across
the continentai rise, there are two major,
deep reflectors (solid arrows, Fig. 3) that
cannot be tied to existing JCIDES boreholes.
On the segment of the ¥CS line that is illus-
trated, the deeper reflector caps highly
reflective layers that infill basement de~
pressions, and it does not extend seaward
much beyond shot point (SP) 2000. Landward
along the same profile the sediment thickress
beneath the reflector increases markedly to
0.7 sec. or more two-way refliection time (1575
m at Vy = 4.5 km/sec} before it is lost in 2
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diapiric complex beneath the continental
slope (see Grow and #Markl, 1977).

About 1600 = (C.6 to 0.8 seccs) above this
deep reflector is another weli defined re-
flector. Toward the west it occurs within an
acoustically laminated sequence, but it
emerges seaward as the top of a 0.15 sec~
thick interval of strong, closely spaced
reflectors. It appears to terminate abruptly
at a sharp rise in basement (SP 2660), al-
though an intermittently observed, flat-lying
reflector just abova basement farther seaward
could be correlative. This reflector pinches
out at a similar basement step observed in
other USGS, UTMSI, and LDGO-MCS lines across
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the continental margin and in numerous single
charnel profiles; in the latter, however, the
reflector seldom is well defined. The base-
ment step correlates with the landward edge
of the Blake Spur magnetic anomaly (Schouten
and Klitgord, 1977), and it appears to be
both an original and isochrsmous feature of
the basaitic crust (see Figure 8).

Becnuse the upper reflector pinches out
near the Blake Spur Anomaly, underlying
sediments probably are older tham about 175
a.y. {Shipley and others, 1978). The rsver-
berant character and level attitude of

_reflectors ia this interval indicate that the

sediments probabiy are terrigenous and bio=
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clastic debris derived from the contir ..al
margin and deposited by turbidi:yv currents
and debris flows. The sediments correlating
with the deeper, highly reflective ser ience
may include relatively coarser clastic debris
of Early Jurassic age derived from the youth~
ful continental margin. These inferences are
supported by a calculation of sediment accu--
mulation rates. Near the continental slope,
more than 3.2 km of sediment underlie the
upper reflectox. If initial deposition in
the basin began about 190 m.v.B.P., then the
sediments accumulated at average rates exceed-
ing 210 m/m.y. These rates, even uncorrezted
for sediment compaction, are an order cf
magnitude higher than normal pelagic accu-
mulation rates and suggest & large influx of

detriial materdal.

The Nature of Horizon B

In the region of Cat Gap (Figure 1) Ewing
and others (1966) recognized acoustic base-
ment having an unusually smooth surface. To
distinguish it from typically rugged volcanic
basement, they named it Horizon B. The
horizon is easily ldentified as a strong,
prolonged reflector in the vicinity of DSDP
Site i00 (Figure 4), where it is as shallow
as 5£00 m below sea level, -Further south,
Horizon B is interrupted by a fracture zone
and it rises to about 5200 m at Site 99
(Figure 5). To the east and north, Horizen x
descends to nearly 6000 m.

On the basis of extensive mapning and
cross-correlation of reflectors inm this
region, it appears that Horizon B actually is

TUCHOLKE
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gseismically to Cat Gap (Figures 4, 6).

Figure 3.
in Figure 1.

formed by several closely spaced deep reflec-
tors that onlap and mask basaltic basement
(Figure 4); thus Horizon B is diachronous.

In Figure 5 the shaded regions show the known
distribution of Horizon B. Farther west,
many of the basement-masking reflectors rise
far enough that th= underlying, more irre-
gular basaltic sur.ace is observed. Because
Horizon B is a basement-masking phenomenon,
its definition in seismic profiles is largely
a function of recording technology; that is,
Horizon B often will be penetrated to reveal
irregular unlderlying crust in profiles
acquired with high-energy sound sources.

It is important to note, however, that
where probable true oceanic basement (layer
2) can be observed west of about anomaly M-
23, its surface roughness is subdued compared
to that of younger crust. This also is
observed in most MCS lines across the con~
tinental rise. The subdued irregularity may
be related to faster seafloor spreading prior
to the time of anomaly M-23, and it probably
aided in the formation of smooth acoustic
basement by facilitating dispersal of base-
ment~masking sediments.

In the sequence of de«p reflectors that
approach and in places mask basaltic basement,
the uppermost reflector can be traced with
reasonable confidence from the Cat Gap area
1090 km north ko the IPOD line (dashed arrow,
Figures 3, 4,6). In both areas the reflector
can be followed eastward to a pinchout on
crust of anomaly M-23 age (Oxfordian-Kimmerid-
gian) or slightly younger. This reflector
also was penetrated at DSDP Site 100, where
it correlates with Kimmeridgian to Tithonian-
age limestones, in guod agreement with the
pinchout age (Figure 4).

One of the drilling objectives at Site 100
was to determine the nature of Horizon B.
Although basalt was recovered at the level of
the horizon (Hollister, Ewing, and others,
1972), this unfortunately does not resolve
the origin of Horizon B because the site was
located on the flank of an acoustic basement
high. Had the drillsite been located in an
ad jacent smooth-basement swale, we suspect
that it would have encountered highly reflec-
tive ;ediments directly overlying and seis-
mically masking basalt.

Carbonate Deposition Below Horizom B

Numerous closely spaced reflectors ile 0.2
to 0.4 seecs. (Vv 200 to 400 m) above Horizon B
in the Cat Gap region, and these in turn are
overlain by an acoustically non-laminated
interval. The top of the group of closely
spaced reflectors was named Horizon B by
Ewing and othexrs (1966) (Figures 4, 6, 7).

Horizon B and the underlying laminated
sequence generally are conformable to deeper
reflectors. Horizon B can be traced from the
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Cat Gap area to the north and west beneath
the central continental rise. Landward, it
becomes increasingly difficult to distinguish
from other flat-lying reflectors that are not
observed toward the east, Traced to the east
beneath the western Bermuda Rise, Horizon B
also is conformable to the underlying base-
ment, suggesting pelagic accumulation of pre-
B sediments. The reflector pinches out on
crust of anomaly M-11 to M-4 age (late Valan-
ginian-Barremian) near the latitude of Bermuda,
but farther south it extends onto crust
possibly as young as -2 (Barremian) age
(Figure 8).

The sedimentary section below Horizon B has
been drilled at 8 sites (Figure 8). It
everywhere corresponds to chalks and lime-
stones of Hauterivian/Barremian age (Early
Cretaceous) and older, in good agreement with
the B pinchout age. At Site 100, which thus
far has penetrated the oldest sediments in
the North American Basin, the carbonates
below Horizon 8 continue down at least to the
Oxfordian (Hollister, Ewing, and others,
‘1972), There are three major color and
compositional variants in these limestones,
consisting of (from the top) light gray lime-
stone, reddish-brown argillaceous limestone,
and gray-green limestone. The upper facies
has been defined as the Blake-Bahama Forma-
tion and the lower two facies as the Cat Gap
Formation (Jansa and others, 1979). Benson,
Sheridan and others (1978) have correlated
the top of the Cat Gap Formation with a
reflector termed Horizon C; however, we have
not yet satisfied ourselves that contacts
between these lithofacies correlate with any
of the reflectors below Horizon B. Marly
interbeds and high-impedance quartzose
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cherts are common in the limestones below
Horizon B at most drillsites, and they pro--
bably account for a majority of the reflec-
tors.

The distribution of sediment thick <ss
below Horizon 8 (Figure 8) indicates that the
continental margin was a major source for
sediments up through the Early Cretaceous,

SeCCNNDS

and numerous smooth reflectors in the secimentary

sequence suggest that the sediments were
deposited from turbidity currents and desris
flows. However, the Upper Jurassic to Lower
Cretaceous limestones cored from levels
beneath Horizon B at most drillsites exkibit
sedimentary structures that suggest dom:-
nantly pelagic deposition interrupted only by
locally derived "pelagic turbidites" (Lancelot
and others, 1972). The discrepancy between
tiie seismic and core data can be explained in
two ways. First, in the Cat Gap region and
probably elsewhere along the continental
margin, seafloor-leveling processes such as
those that formed Horizon B provided a rela-
tively flat surface for subsequent deposition
of pelagic carbonates. Pelagic deposition on
this substrate would produce smooth bedding
planes suggestive of turbidite depositioa in
reflection profiles. A second explanation is
found in the placement of DSDP boreholes.
Site 105, for example, was drilled on one of
several basement swells near 35°N (Figure 8),
and the pelagic sedimentary record below
Horizon B at this site therefore may not be
representative of sediments in the surround-
ing areas. Seismic profiles in this region
show that pre-f reflectors lap onto the
flanks of the basement swells and suggest
that much of the sedimentary section was
deposited from turbidity currents.
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In the Cat Gap area, “the fact that pelagic
sediments in the Horizon B to B interval
overlie basement-smoothing deposits below
Horizon B indicates that a shift from mass-
flow to pelagic deposition occurred in the

23°

Late Jurassic. This shift may have been
caused by the combined effects of margin
subsilence, rising sea level, and growth of
reef barriers along the continental margin.
Reefs in the Bahamas and along ‘the outer
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in Figure 5.

Blake Plateau were well established in Late
Jurassic to Early Cretaceous time (Meyerhoff
and Hatten, 1974; Catalano and others, 1975),
and they may have extended much farther
north. It is clear that clastic sources only
were reduced and not stopped, because the top
of the Blake-Bahama Formation at Site 391
(Figure 8) includes abundant sandy turbidites
(Jansa and others, 1979), Similar reduction
in sediment supply probably occurred farther
north along the margin, thus shifting the
boundary between dominantly clastic and
dominantly pelagic deposition toward the west.
The pelagic accumulation of limestones
below Horizon B in the Cat Gap region was
interrupted by obvious lensing and differ-
ential accumulation (Figures 7, 9). From an
apparent source west of the northeast-trend-
ing San Salvador basement ridge, sediments
were distributed north and east around the
end of the ridge in a manner very much like
bottom-current~controlled deposition on
modern sediment drifts., The drift-like
deposit is flanked on the north by a thinned
zone of attenuated sedimentation. On the
busis of these data, we suggest that bottom
currents were active in the Late Jurassic to
Early Cretaceous (Neccomian). Although the
general deep circulation may have been weak,
currents probably were intensified by the
steep topography of the San Salvador ridge.
The strong change in acoustic character of
sediments observed at the level of Horizon 8
across most of the basin corresponds to an
equally marked change in the composition of
the sediments. In contrast to the azousti-
cally laminated limestones below Horizon B,
the overlying sediments are acoustically non-
laminated and they correlate with green-gray
and black mudstones (hereafter termed black
clays) beneath multicolored claystones.
Horizon f resulted from a rise in the
calcite compensation depth (CCD), and the
overlying black clays were deposited below
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the CCD in an intermittently anoxic environ=~
ment (Tucholke and Vogt, 1979). As noted
earlier, the location of the eastward pinch-
out of Horizon R suggests that the reflectorx
becomes younger toward the southern part of
the basin. Horizon B cannot be traced east-
ward as far as Sites 417D and 418A on the
southern Bermuda Rise (Figure 8§), but drill-
ing results there support the idea that
carbonate deposition persisted longer in the
southern part of the basin. The sites,
located on crust of M-0 (Aptian) age, re-
covered a few meters of Aptian nannofossil
chalk overlying basalt and beneath the black
clays (Donnelly, Francheteau, and others,
1977; Bryan, Robinson and others, 1977).
Aptian crust has not been drilled farther
north so we do not know if carbonates of
similar age and paleodepth occur there.
However, persistence of carbonate deposition
in the south is a distinct possibility, and
it could have resulted from either elevated
crust or a delayed rise in the CCD., In the
latter instance, high surface productivity
associated with westerly circum-global equa-
torial currents through the Tethys, southern
North Atlantic and Pacific (Berggren and
Hollister, 1974} could have prolonged the
rise of the CCD.

Horizon B To Horizon A*: Black And
Multicolored Clays

The weakly or discontinuously reflective
sequence of sediments overlying Horizon B is
C.1 to 0.7 sec thick throughout most of the
basin., This sequence is capped by one of two
regionally important reflectors: 1) Horizon
AU, which is an .erosional unconformity de~
veloped during the mid-Tertiary .along the
continental margin (Figures 6,7; see later
diacussion), or 2) Horizon A* which corre~
lates with a bed of-Maestrichtian chalks and
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Figure 7. Seismic profiles showing lensing beneath Horizon B in the Cat Gap area. Smooth
acoustic basement is Horizon B. Horizon AU is at seafloor. Scale bars = 20 km. Loca-

tions in Figure 9.

limestones east of the continental margin
(Figure 10).

The interval between Horizon B (or basaltic
basement) and A*/AU has been drilled at 12
sites where both seismic boundaries have been
identified (Figure 11). The interval con-
tains Hauterivian to Cenomanian/Turonian
black clays as well as overlying Upper Creta-
ceous multicolored clays, and there is no
well defined reflector separating these
lithofacies (Tucholke, 1979).

The "black clays" (Hatteras Formation;
Jansa and others, 1979) consist of finely
Jaminated black mudstones interbedded with
moderately burrowed gray-green mudstones, and
they were deposited under anoxic to poorly
oxygenated deep-basin conditions, respective-
ly. Similar dark gray marly beds locally
occur within the limestones below Horizon B,
beginning as early as the Valanginian. There
continues to be a lively debate about the
cause and extent of the amoxic conditions.

By studying the distribution of black-clay
deposition along drillsite age/depth curves,
Tucholke and Vogt (1979) determined that
euxinic sediments were deposited intermit-
tently below 3200 m in the entire North
American Basin from Barremian through Ceno-
manjan time. They also argued on the basis of
sedimentological and geochemical data that
reducing conditions charzcterized the entire
deep water column, not just the subsurface
sediments. For these reasons, it was con-
cluded that the North Atlantic deep circula-
tioen was severely restricted, possibly be-
cdause of barriers to deep flow in the Pana-
manian and Tethyan regions.

Near the beginning of the Turonian, the
North American Basin agein received oxyge-
nated deep water, but the CCD remained
shallow and only pelagic multicolored clays
were deposited (Lancelot and others, .\972;
Tucholke and Vogt, 1979). These mult:colored
clays have been defined as the Plantagenet
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Figure 8. Distribution of Horizon 8 and thickness of pre-f sediments in meters (deter-
mined using velocity regression curves of Houtz [1974]). DSDP boreholes that penetrated
Horizon B or recovered.pre-B sediments are shown as dots. Shaded areas indicate where
Horizon B was eroded by -Late Paleogene bottom currents (Horizon AU). Observed basemeat
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Figure 9. Detail of sediment thickness

(in meters) below Horizon B in the Cat Gap area.

Horizon B is exposed at the seafloor by Paleogene erosion (Horizon A") as shownm.

Formation by Jansa and others (1979.,. The
thickness generally is small because of their
very low accumulation rates (1-Z m/m.y.).
Known thickness ranges from about 10-20 m at
Site 387 up to a maximum of 90-110 m at Site
386.

In Figure 11 we have mapped the combined
thickness of the black and multicolored clays
from seisniic profiler data. Although the
mapped thickness includes multicolored clays,
it provides a reasonable approximation of the
true distribution of black clays alone be-
cause the thickness of the multicolored clays
probably is small (< 1390 m) and fairly uniform
in the basin.

A striking observation is that away from
the continental margin the black clays are of
relatively uniform thickness (100-200 m)
implying-that they accumulated évenly and

slowly (< 6 m/my). Pockets of thick sediments
accumulated in local topographic depressions
because of slumping and turbidity currents
from adjacent highs (e.g. Site 386, Figure
11). A majority of the basin probably re-
ceived only pelegic detritus wuith admixtures
of terrigenous debris bornme by winds and

sur. :e currents. This is in marked contrast
to the deposition of abundant terrigenous
detritus in the eastern North Atlantic in
Early and middle Cretaceous time (Lancelot,
Siebold, and others, 1978; Montadert, Roberts,
and others, 1976).

Near the western Atlantic continental
margin several lobes of thick black-clay
sequences are developed. Two of these lobes,
one south of Georges Bark Basin and one
southeast of Baltimere Canyon Trough, are
separated by a thin black-clay section caused
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Figure 10. Seismic profile from the western Bermuda Rise showing major reflectors
and correlation with lithologic record at nearby Site 387. Location in Figure 12.

primarily by the presence of the basement
swell around Site 105. This control by
basement topography and the landward thick-
ening indicate that the lobes contain terri-
genous debris deposited from turbidity cur-
rents and debris flows. Off the Blake Pla-
teau an even thicker sequence (up to 700
m) of black clays is present. In this regiom
Horizon A* has been truncated by mid-Tertiary
erosion (Horizon AV, see Figure 11) and the
pre-erosion thicknesses during the middle and
Late Cretaceous must have been even greater.
Reefs along the edge of the continental
shelf may have been important in controlling
sediment distribution during the Cretaceous.
Reef material has been dredged, drilled, and
sampled by submersible at numerous locations
along the margin from the Blake Platean to as
far north as Georges Bank and the Grand Banks
(Heezen and Sheridan, 1966; Tucholke and
~ Vogt, 1979; Ryan and others, 1978). Deeply
buried reef-like structures of unknown age
are observed beneath the continental slope on
several MCS lines (Figure 11). It is likely
that during the Early to middle Cretaceous a
reef system extended along the outer shelf of
the U.S. east coast and at least intermit-
tently to the Grand Banks. This barrier
together with the mid~Cretaceous sea-~leve’
transgression (Pitman, 1978; Vail and others,
1977) could have strongly reduced transport
of terrigenous sediment _to the deep sea
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(Emery and others, 1970). These factors
would account for restriction of thick black-
clay sequences to near the continental margin
and rather uniform thickness in the deep
basin., The marginal reef system probably was
breached or overstepped in several places,
thus allowing deposition of the observed
lobes along the continental margin. In
particular, the thickest lobe off the Blake
Plateau may have received sediments funnelled
through Great Abaco Canyon, which may date to
Neocomian time as a reef chanuel (Sheridan
and others, 1969), and through Northeast
Providence Channel (Figure 11).

The multicoiored pelagic clays that accu-
mulated in the oxygenated deep basin after
Cenomanian time (Plantagenet Formation, Jansa
and others, 1979) are very fine-grained and
barren of biogenic debris., Thus the same
factors that prevented sediment dispersal to
the anoxic deep basin in the Early Cretaceous
must have continued to limit terrigenous
input. However, Late Cretacecus lowering of
sea level and extinction of the marginal
reefs (Pitman, 1978; Douglas and others,
1573) probably resulted in gradually increas-
ing terrigenous influx and further development
of the continental rise. At Site 391 near
the continental margin, the multicolored

~lays include terrigenous silt.-beds that docu- ~

ment development of this continental source
(Benson, Sheridan and others, 1978). Al-
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Figure 11. Sediment thickness in meters between Horzzon B (or basaltic basement,

east of M-2 to M-11) and Horizon A*/AU., Horizon A* removed by Paleogene eresion (Horizon
AY) west of T's. Conversion of reflection time to thickness is from velocity regression
curves of Houtz (1974). Drillsites recovering sediments from this acoustic interval are
indicated. Black clavs overlie basalt east of the Horizon B limit. "Black Clay" line =
estimated late Albian isochron or approximate eastward iimit of black clays overlying
basalt; black clay deposition persisted to late Cenomanian/Turonian, but ridge-crest
basalt of this age probably was above level of anoxic-basin corditions. "Red Clay"

line = mid-Campanian isochron or approximate eastward limit of multicolored clays; younger
crust was generated mostly above the CCD, but in the deeper basin multicolored clay
deposition persisted into the Maestrichtian.

though the multicolored clays were deposited
beneath circulating, oxygenated bottom water,
we have observed no evidence either in seis-
mic profiles or in primary sedimentary struc-
tures of the clays that suggests Late Creta-
ceous bottom currents were significant in
transporting and redistributing sediments.

As noted earlier, where-the multicolored
clays-are in conformity with overlying sedi-

ments they are capped by Horizom A* (Figure
10). Correlation of this seismic marker to
the lithostratigraphy is documented only at
Sites 386 and 387 on the Bermuda Rise. At
these sites A* matches the level of a bed of
middle to upper Maestrichtian pelagic marly
chalk and limestone (33+60% CaC03; Tucholke,
Vogt, and others, 1979). At Site 385 near
Vogel Seamount, Horizon A* has not been
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Distribution of Horizons A and AC
erosion (Horizon AV) removed Horizon A* and a "channel" in Horizon AC.

Western limits show where Paleogene
Horizontally

lined area contains nnusually thick, non-laminated sediments in the A*-AC interval

(Figure 15).
(Figure 13).

clearly identified, but the Maestrichtian
marly chalks were cored and were interbedded
between low-carbonate clays. These data,
plus Maestrichtian chalks at other drillsites
of shallower paleodepth (Sites 10, 384, 390)
indicate a rapid depression of the CiD to
more than 5400 m and an equally rapid rise at

i the end of the Cretaceous (Tucholke znd Vogt,

1979). 1If the correlation of Horizon A* to
this calcareous bed is comsistent throughout
the basin, then the widespread distribution
of Horizon A* (Figure 12) suggests that the
CCD fluctuation was at least a basin-wide
event. Jansa and others (1979) formally
define the Maestrichtian carbonates.as the
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In diagonally hatched area Horizon A* is very reflective and level

Crescent Peaks Member of the Plantagenet
Pormation,

Horizon A* was first noted to have regional
significance by Ewing and others (1970) and
it was named by Ewing and Hollister (1972).
When this reflector was penetrated at Site
105, it was thought to correlate with the
transition from multicolored to black clays
(Hollister, Ewing, and others, 1972). How-
ever, a later erosional surface (Horizon-aAl)
very closely overlies or truncates Horizon A
at the site (see Figure 17); and-a 40 & -
interval at this level was not cored., Ihas
it is possible-that A* does indeed correlate
with Maestrichtian-carbonates in-this region,

é;

Wikb
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Figure 13. Seismic profile from the western Bermuda Rise showing highly reflective and
relatively flat Horizon A*, and reflectors of the overlying "Horizon-A Complex".

Location in Figure 12.

but at Site 105 the carbonates either were
removed by erosion or were not ccred.

Horizon A* exhibits variable acoustic
character within the basin. East of Bermuda
the reflector is rarely observed, probably
for two reasons. First, most of the lower
Upper Cretaceous crust in this region probp-
ably accunulated only thin sequences of
pelagic clay prior to deposition of Maes-
trichtian chalks, and Horizon A* may overlie
basaltic basement so closely that it cannot
be resolved (see Figure 19b). Second, on
crust younger than about Campanian age,
sediment accumulation was above the CCD (e.g.
Site 10, Peterson, Edgar, and others, 1970)
and Maestrichtian carbonates in this section
would not have sufficient impedance contrast
to form a reflector.

For three hundred kilometers or more south
and west of Bermuda, Horizon A* is a very
strong, relatively level reflector that is
best developed within topographic lows
(Figures 12, 13). The reflector distribution
appears to be contiolled in part by basement
topography, suggesting possible accumulation
from turbidity currents and a-source area in
the vicinity of Bermuda. Until the reflector
is drilled in this area, we cannot be certain
that it correlates only with Maestrichtian
carbonates.

On the southern and westernmcst Bermuda
Rise, Horizon A* is a distinct reflector that
drapes over deeper topographic irregularities
in a manner suggesting its pelagic origim
(Figure 10). Beneath the westernmost Bermuda
Rise, the reflector overrides a basement
swell and farther west becomes difficult to
distinguish from overlying acoustically
laminated sediments. Traced westward beneath

the Hatteras Abyssal Plain, Horizon A*
becomes interbedded with the base of a

series of flat~lying reflectors, and beneath
the continental rise it is developed within a
thick sequence «f reflectors. These reflec-
tor relationships suggest that turbidity
currents and debris flows were developing the
continental rise prior toc the deposition of
Horizon A* and that turbidity currents later
began forming an eastward-eacroaching abxssal
plain about the same time that Horizon A™ was
deposited.

Paleogene Sedimentation and the Horizon-A
Complex

Horizon A was first defined by Ewing and
Ewing (1962, 1963) in profiler records acquired
with explosives north of the Puerto Rico
Trench. In this area and in many other parts
of the basin the horizon is smooth and strongly
reflective, and it was thought to be a
fossil abyssal plain (Ewing and Ewing, 1964).
Piston cores that recoverad turbidites of
Maestrichtian age from the “Horizon-A c.tcrop”
north of San Salvador appeared te confirm
this idea (Ewing and others, 1966; Saito and
others, 1966). Subsequent deep-sea drilling
on the Bermuda Rise indicated that high-~
impedance Eocene cherts were responsible for
the reflector (Ewing and others, 1970), ard
at Site 105 ou che lower continental rise
Horizon A correlated with an unconformity
where some 60 m.y. of sediments were missing
(Hollister, Ewing and others, 1972).

These zonflicting correlations are resolved
when one considers the acoustic character of
"Horizon A". It actually is compcsed of one
to several closely spaced, sigiificant veflec-
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Figure 14. Lithologic ccolumns, generalized at three DSDP drillsites and idealized in three
intervening areas, showing correlation with major reflectors from west (left) to east in
basin. Idealized sections: A - beneath landward end of Blake Outer Ridge, B ~ vicinity

of DSDP Site 8, C — near Bermuda pedescal, central Bermuda Rise.

tors (Ewing and Ewing, 1964), each of which
can be traced laterally on regiomal scales
and each of which has specific geologic
correlations. For this reason we use the
term "Horizon-A Complex" for the reflector.
gfoup. Several reflectors in the group {AC,
A', AV and AV) have been studied separately
by Tucholke (1279), and we discuss their
geciogic significance here.

Horizon AC

In the series-of reflsctors that comprise
the Horizon-A Complex, Horizon AC is the
deepest known to have a consisteant lithologic
correlation_snd it normally is the strongest
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reflector (Figures 10, 13). Where it has
been drilled the reflector correlates with
upper-lower to lower-middle Eocene chert,
except at Site 386 where it matches middle
Eoccae chalks overlying the cherts (Tucholke,
1979).

Horizon AC is widespread in the western
North Atlantic (Figure 12), and the chert is
developec in a variety of lithofacies (Figure
14). On the western Bermuda Rise, beneath
th= Hatteras Abyssal Plain, and probably
beneath the Sohm Abyssal Plain, the cherts
occur within Eocene -turbidites that. were

:ived from the North P..aetican continental
margin. Farther seaward, the cherts are

developed within heaipélagic clays deposited -

-
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below the Eocene CCD (e.g. Site 9) or within
shallower pelagic carbonates along the flank
of the Mid-Atlantic Ridge (Site 10) and other
shallow regions isolated from terrigenous
sources (e.g. Site 384: J-Anomaly Ridge, Site
390: Blake Nose). The charts mark the top of
the Bermuda Rise rormation as defined by

ansa and others (1979),

As expected, the eastern pinchout of Horizon
€ is on crust of Eocene age (Figure 12).
However, east of Bermuda the reflector gene-
rally is observed only in patches within
basement depressions (sece Figure 19b), and
the sedimentary section between Horizon AC
and acoustic bagement usually is thinner than
100 m., The thin sedimentary section is
expeceed because this crust was isolatcd from
terrigenous sources aand mos. of the crust of
Albian to Santon lan age was below the CCD
during its entire history (Tuchclke and Vogt,
1979).

By considering “he character and distritu-~
tion of Hoxrizon AV, the thickness and acoustic
signature of sediments between Horizons AC
and A*, and the lithology cf sediments cored
from this interval, we can determine several
aspects of the Early Paleogene sediwentary
environment that led up to the deposition of
Horizon AC., As noted earlier, Maestrichtian
carbonates correlating with Horizon A*
accumulated in a pelagic environment through-
out most of tbe basin. East of the Hattexas
Abyssal Plain the sediments immediately
overlying Horizon A* are mostly acoustically
non-laminated and they generally conform to
the shape of Horizt~ A* suggesting that
pelagic depositio: continued Zato the Paleo-
cene. Paleccene deep-basin sediments are
poorly represented in JOIDES boreholes, but
lithofacies at Site 385 (zeolitic clay) and
*ite 387 (radiolarian clay) also indicate
hat pelagic and hemipelagic depcsition of
clay and biogenic silica below the CCD were
dominant (Tucholke, Jogt, and others, 1979).
At Site 38/ cn the western Bermnuda Rise, the
lower Paleocene section contains black,
carbea-rich sediment similar to the Lower
Cretzceous black clays, aud it probably
accumula-«4 in a anoxic enviromment.,

There are some exceptions to these indjca-
tions of quiesceat pelagic depositica. On the
southwest Berzmuda tise, the non-laminated
sediments above Eaiizon A* exhibit marked
thickness variz-ions (Figure °5), and it is
likely that they were reworkeu by bottom
currents. Considerl!ng the early raleocene
anoxic conditions indicated at Site 387, this
bottom~current activity must have begun In the
iatter half of the rsaleccens. Climatic
coolinrg began at tnis time (Boersma and
others, 197), an¢ the deep circulation may
have been stimulated by formation of cool
bnttom water at high latitudes.

_ Ben22trh the Hatteras Abyssal Plain and the

continental rise, the probable Paleocene
sediments overlying Horjzon A* tena to be
acoustically laminated. These sediments have
not been cored in DSDP boreholes, but they
may include admixtures of fine-grained terri-
genous debris, biogenic silica, and carbonate
displaced from the continental shelf and

slope above the CCD. By this time, basin-
filling behind shelf-edge barriers and falling
sea level probably allowed dispersal of large
quantities of such sediments to the deep
basin. With time, turbidite dispersal extended
farther seaward. Uplift had not yet formed
the Bermuda Rise, and distal turbidites
flooded the region of both the present Hatteras
Abyssual Plain and the western Dermuda Rise.
This seafloor-leveling process is clearly
demonstrated in seismic profiles from the
western Bermuda Rise (Figure 10), and it
resulted in marked thickness variations in

the Horizon A* to AC interval.

The CCD during the Paleocene to middle
Locene probably was 4 to 4.5 km deep (Tucholke
and Vogt, 1979). By late Paleocene time, a
substantial fraction of biogenic silica was
deposited both with carbonates above the CCD
and with deeper-basin clays. The implied
stimulation of biogenic silica production in
surface waters ma; have been produced by
upwelling of cooler, nutrient-rich bottom
water; this water is thougiht to have originated
at higher latitudes and surfaced in upwelling
z-nes alown_, a west-flowing circumglobal
curcent through the Tethys, North Atlantic
and Pacific Oceans (Bzrggren and Hollister,
1974),

Biogenic silica produccion and/or seafiocor
silica preservation were enhanced most strougly
in the late-early and early-middle Eocene.

The chert resulting from burial and diagenesis
of these sedimeucs now forms Horizon AC.
Similar Eocene cherts have been drilled in

the eastern North Atlantic (Petersen, Edgar,
and others, 1970), the Caribbean (Edgar,
Saunders and others, 1973), and the equatorial
Pacific (e.g. Tracey, Sutton and others,
1971). Siliceous sediments associated with an
authigenic mineral suite indicating alteration
of volcanic glass alsc are observed in shallow-
water sediments exposed along the Atlantic
coastal plain and Gulf Coast (Gibson and

Towe, 1971).

The exact caus.- of the strongly increased
silica content of thes> :ediments still is
unclear, although most hypotheses incorporate
enhanced deep circulation and upwelling
(Jones and others, 1970; Bergzren and Phillips,
1971), increased nutrient-phcsnhorous and

silica supply to surface water through subaerial

volcanism (Gibson and Towe, 1971; Mattson and
Pessagno, 1971), or a combination thereof
(Berggren and Hollister, 1974). Hetwan
(1972) suggested that the cherts resulted
from coincidence of increased productivity
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Figure 15, Seismic profile from southwest Bermuda Rise snowing differential thickening
between Horizons A and AC probably caused by abyssal currents. Location in Figure 12,

(due to cooler climate) and increased seafloor
silica preservation (due to increased silica
input to bottom water from submarine volcan-
ism). The rapid biogenic silica accumula-
tion in the early to middle Focene probably
cannot be ascriked solely to cooling climates
and .ncreased upwelling; although there was a
gradual cooling in the early to middle Eocene,
temperatures probably remained stable during
the remainder of the Eocene (Margolis, 1976),
and continued rapid silica accumulation might
be expected in contrast to observed decreases.
Thus an episode of increased volcanism in
conjunction with the cooling climate may best
explain the relatively short duration of the
enhanced silica accumulation. Significantly
increased volcanism in late Palcocene to
early Focene time is known to have occurred
in both the Brito-Arctie (Thulean) and
Caribbean regions (Jacque and Thouvenin,

1975; Khudoley and Meyerhoff, 1971, among
others) and at Bermuda {Tucholke, Vogt, and
others, 1979). Major tectonism ana volcani-
city also occurred throughout most of the
Tethyan region during this time (Dewey and
others, 1973).

Horizs: Al and Formation of the Bermuda Rise

* Horizon AT overlies Horizon AC by about

0.05 to Q.2 seconds reflection time (nominally
45 to 190 m) in the Horizon-A Complex (Figures
10,13). 1In most of the region between
Bermuda and the continental rise it marks the
top of the complex, The reflector correlates
with the uppermost occurrence of mixed biuclas-
tic/terrigenous turbidites at Sites 386 and
387 on the Bermuda Rise (Tucholke, 1979),
Three other drill sites (6,7,8) penetrated

the reflector but were too sparsely cored to
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confirm the correlation between Horizon AT
and the top of the turbidites. However, two
of the sites (6,8) cored sediments from the
AC-AT interval and recovered turbidites with
abundant calcareous, siliceous, and terri-
genous debris. Only minor, locally derived
turbidites are present above Horizon AT in
che “ermuda Rise drillsites.

As liscussed earlier, these sediments .ere
deposited from turbidity currents that
originated along the continental margin of
North America. The distribution .  Horizon
AT (Pigure 16) shows that the alstal parts of
these currents reached as far as the present
central Bermuda Rise, some 1200 km from the
source area. Ar their eastern limit, the
turbidites ponded into middle Eocene topographic
depressions and fracture zones, much like the
Quaternary ponding along the northeast margin
of the Nares Abyssal Plain (Shipley, 1978).

The abrupt transition from turbidite to
non-turbidite deposition marked by Horizon AT
on the western Bernuda Rise probably resulted
from uplift that began to form the rise in
the middle Eocene. This timing agrees with
the probable age of the main edifice-building
volcanism that formed the Bermuda pedestal;
drilling ra2sules at Site 386, 140 km southeast
of Bermuda, show that the Bermuda volcanoes
had reached sea level and were being actively
eroded by late middle Eocene time (Tucholke
and Vogt, 1979). Based cn limited biostrati-
graphic data, the turbidites correlating with
Horizon AT appcar to become younger toward
the west, rang.ng from middle Eocene at Site
386 on the central Bermuda rise to iate
Eocene at Site 8 just west of the rise. Such
diachronism is reasonable becaus. turbidites
should progressively offlap the Rermuda Rise
toward the west as it was uplifted. Farther
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Figure 16. Distribution of Horizons AT, Av, and AU. The Horizon AY unconformity (hori-
zontal lines) truncates older reflectors bteneath the continental margin as shown.

west beneath the Hatteras Abyssal Plain Hori-
zon A* has not been drilled,; but it is likely
to be younger than late Eocene. Drilling and
dating this horizon at several locations
along the western Bermuda rise and Hatteras
Abyssal Plain could provide a method for
studying the timing and dynamics of uplift
that formed the Bermuda Rise. The amount of
uplift presently can be estimated at two
drillsites; if we assume that Horizon AT ig
isochronous and that it was a level (abyssal
plain) surface in the middle Eocene, then
present depths of the reflector suggest that
uplift was about 400 m at Site 387 and 700 m
at Site 386, relative to the central Hatteras
Abyssal Plain (Tucholke and Vogt, 1979).
However, these values are minima because of
the possible diachrorism of the reflect r,

Late Paleogene Sedimentatior, Erosion, and the

Origin of Horizon AU

After deposition of Horizon AT on the
Bermuda Rise in the middle to late Eocene,
the CCD level remained near 4000-4500 m
(Tuchelke and Vogt, 1979), and siliceous
hemipelagic clays accumulated in most of the
deep basin. Deposition of turbidites conti-
nu2d for an unspecified time in the region of
the present Hatteras Abyssal Plain, but
eventvally ceased. Horizon AT in this area
is overlain by acoustically non-laminated
sediments that extend upward to the base of
the modern (Plio-Pleistocene) Hatteras turbi-
dites. The Paleogene influx of turbidites
from the continent may have been stopped
because of strong erosion of the Paleogene
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continental rise by abyssal currents (see
discussion below).

Oligocene sediments are very poorly represen-—
ted in deep-sea boreholes, but cae driilsite
(387) on the western Bermuda Rise suggests
that deposition of biogenic silica continued
in diminishing quantities until middle or
late Oligocene time. Younger sediments
contain little siliceous debris except for
sporadic local occurrences. The cause of the
diminuation and cessation of biogenic silica
deposition is uncertain. However, because
the production of siliceous organisms probably
was related to deep and surface circulation
patterns and in particular to the westward-
flowing circumglobal "equatorial" current, it
is likely that circulation changes were
responsible. Three factors may have been
significant. First is the general climatic
cooling that characterized the Eocene and
Oligocene (Savin and others, 1975) and its
possible effect on the westward flow of the
"equatorial" current. If the cooling forced
un equatorward compression of global wind belts,
then the Tethys Sea north of Africa ‘could
gradually have come under the influence of
westerly rather than zasterly (equatorial)
winds. Second, the north coast of Africa in
the Eocene probably was near 25°N latitude
and slowly drifted north by 5 to 6 degrees by
the end of the Oligocene (Berggren and
Hollister, 1974). The combination of the
northward drift of Africa and the southward
shift of the westerlies wind belt could have
markedly diminished westward flow through the
Tethys. The flow from the Atlantic into the
Pacific thus would be reduced and limited
more to equatorial latitudes, and it would be
accompanied by shifts of high productivity
areas from the central to esquatorial North
Atlantic. A third, complementary factor may
have been increased intensity of the deep
circulation, probably associated with the
cooling Paleogene climate, Sverdrup and
others (1942) and Ramsay (1971) have noted
that bioenic silica preductior in the present
equatorial Atlantic is limited because necessary
nutrients are removed to the South Atlantic
and beyond by the southward flowing North
Atlantic Deep Water. Therefore, increased
deep circulation in the Paleogene actually
may have hindered rather than stimulated
surface production of biogenic silica.

Deep currents of increased intensity in
Paleogene time account for one of the most
dramatic changes in abyssal sedimentation
that the western North Atlantic has experienced.
The deepest seismic expression of these
current effects is Horizon AU. This reflector
correlates with an erosional unconformity
beneath the continental margin and it truncates
a variety of deeper reflectors (Figures 14,
16, 17). 3Both Horizons AT and AC are observed
near Site 8, but Horizon AU truncates these




reflectors toward the west, and at Site 105,
160 km southwest of Site 8, the unconformity
cuts close to or beneath Horizon A* (Figure
17). To the north at Site 106, Horizon AU
probably immediately overlies the cherts of
Horizon AC (Figure 16).

The most significant erosion of the Paleogene
continental rise occurred south of Cape
Hatteras (Figures 16, 18) where Horizon AU
merges with, but does not cut significantly
below Horizon B. Apparently the carbonates
below Horizon B were well lithified beneath a
substantial sediment overburden before they
were excavated by Paleogene bottom-current
erosion. Based on the depths at which erosion-
resistant limestones are encountered in other
DSDP boreholes with continuous sedimentary
records, at least 400 m of overburden were
removed. Farther south, in the "Horizon A -
Horizon B outcrop" area near San Salvador
(Ewing and others, 1966; Windisch and others,
1968), Horizon AU rises and intersects the
preseat sea floor (Figures 4, 6, 7). At DSDP
Sites 5 and 100 in this area, calcareous
sediments from below Horizon f are poorly
lithified, and it is unlikely that they ever
were covered by substantial overburden
(Ewing, Worzel and others 1969; Hollister,
Ewing and others, 1972).

The distribution of Horizon AV (Figure 16)
clearly suggests that the unconformity was
eroded by a southeriy flowing, westward-
intensified abyssal boundary current, probably
a precursor to the modern Western Boundary
Undercurrent (WBUC) (Heezen and others,

1966), However, determining the exact timing
of the erosion is difficult for two reasons.
First, the youngest sediments into which the
unconformity is cut mostly are acoustically
non~laminated in conventional profiler records
(e.g. east of Site 8; Figure 17), and conse-
quently there is no detectable impedance
contrast identifying Horizon AV. Where the
youngest sediments are laminated, the unconfor-
mity intersects them at such a low angle that
it is very di7 icult to determine which beds
have been er...d. Second, most DSDP boreholes
that have penetrated Horizon AU were drillec
in areas where a major portion of the sedi-
mentary section is missing; for example the
Upper Cretaceous to middle Miocene section is
missing at Site 105, and the v Cenomanian to
upper Miocene section has been eroded at Site
101. Site 8, which was drilled near the
eastern edge of Horizon AU, was too sparsely
cored to pinpeint the age of erosion. However,
seismic profiles in this area do indicate

that the unconformity was cut into Horizon AT
(late Eocene turbidites) at or near Site 8.
The oldest sedimerts cored above the unconfor-
mity are of middle to late Miocene age (Sites
8, 101, 1", 106, 388; Hollister, Ewing and
othery, -272; Sheridan, Benson and others,
1978), Beneath the Blake Outer Ridge, down-

ward extrapolation of known sedimentation
rates at Sites 102, 103 and 104 indicates
that sediments as old as lower Miocene may
overlie Horizon AV, Thus the erosion probably
occurred at some time between the late Eocene
and early Miocene,

The apparent difference in depth of erosion
north and south of Cape Hatteras (Figure 16)
may be due to interaction between the southerly
flowing WBUC and the Gulf Stream. The Gulf
Stream probably was well developed in Palao-
gene time (Berggren and Hollister, 1974), and
current shear between the base of this flow
and the WBUC could have reduced the erosive
power of the WBUC north of Cape Hatteras. It
also is possible that less sediment origi-
nally blanketed Horizom £ south of Cape
Hatteras, although we do know that massive
deposits of Lower Cretaceous black clave
covered Horizon R off the southern Blak
Plateau (Figure 11).

Tucholke and Vogt (1979) have discussed
possible reasons for intensified deep circula-
tion and erosion during this interval. The
presently acceptable alternatives seem to be
that 1) currents gradually intensified
during Late Paleogene time, probably because
of cooling climate, and they eroded the
continental rise over a period cf some 15-20
m.y., 2) after the Greenland-Iceland-Faroe
Ridge subsided below sealevel during or
following the late Oligocene (lalwani, Udintsev,
and others, 1976), cold water from the
Norwegian—-Greenland Sea flooded the North
American Basin and caused erosion on a catas-
trophic scale within a few million years, or
3) both occurred. Just as puzzling as the
cause of the erosion is the mechanism by
which current intensity was "suddenly" reduced,
allowing rapid deposition of middle (lower?)
Miocene and younger sediments. For example,
Miocene sediments at Site 104 on the Blake
Outer Ridge accum.lated as rapidly as 120
m/m.y. {(Hollister, Ewing and others, 1972).
Possible explanations for this change to
depositional conditions include 1) eventual
reduction and stabilization of thermohaline
gradients responsible for the deep flow, 2)
reduction of southward flow of "Arctic"-
derived bottom water during Antarctic glacia-
tion, and 3) late Oligocene opening of the
Drake Passage to deep circumpolar flow and
consequent reduction of southward "draw" on
North Atlantic D&ep Water by the Antarctic
Circumpolar Current east of the Scotia Arc
(Tucholke and Vogt, 1979). Other explanatiouns
are possible, and there clearly are a host of
outstanding questions on the deep circulation
that remaia to be answered.

Considering the likely morphology of the
Paleozene continental rise and probable
thickness of sediment that wasc eroded, we can
estimate very roughly that some 2 X 105 km3
of sediment were removed during the erosionul
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Figure 18, R/V CONRAD 20-12 large-volume-airgun seismic profile approaching the north
flauk of the Blake Outer Ridge. Horizon AU approaches and cuts down teo Horizon B
under ridge (partially obscured by, bubble pulse). Location in Figure 16.

episode. Beneath the continental rise north
of the New England Seamounts, an erosional
unconformity of about the same age may be
present (Parsons, 1975), and perhaps half as
much sediment was eroded from this segment of
the continental margin. The fate of this
large volume of sediment is uncertain. The
sediment would have formed a layer about 50 m
thick if spread uniformly throughout the
contemporary basin outside the erosional
zone. Realistically, some of the sediment
probably was transported along paths of other
established but less intense abyssal flows to
form the cores of major depositional ridges
such as the Greater Antilles Outer Ridge
north of Puerto Rico (Tucholke and Ewing,
1974). Sedimentation rates on the northern
Bermuda Rise also increased dramatically some
time after the deposition of Horizon AC in
the middle Eocene, (compare Figures 15, 19b;
Ewing and others, 1970; Tucholke and Vogt,
1979), and the massive sediment drifts on the
northern rise may contain sediment eroded
from the continental margin. The main abyssal
boundary current probably carried much of the
entrained sedimert into the South Atlantic or
farther. In the Argentine Basin, thick
sediment drifts began to form and sedimentation
rates increased sharply during the late
Oligocene and early Miocene (Supko, Perch-
Nielsen, and others, 1977), but it is not
clear that this was caused by increased
sediment influx from the North Atlantic.

Horizon AV Epergence History of the Bermuda
Pedestal

As noted earlier, the volcanic foundation
of Bermuda emerged above sea level by late
middle Eocene time, although the pedestal
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probably was intruded by lamprophyre sheets
as late as early Oligocene time (Reynolds and
Aumento, 1974). The subaerial weathering of
the volcanic pedestal is recorded by coarse
volcaniclastic turbidites deposited at DSDP
Site 386 about 140 km southeast of Bermuda
(Tucholke, Vogt, and others, 1979). These
turbidites form a strong reflector, termed
Horizon AV, that surrounds Bermuda and merges
with the acoustically opaque archipelagic
apron of the island (Figures 16, 19a). At
Site 386, the top of che turbidites dateos to
the late Oligocene, but Horizon AV may vary
somewhat from this age at other locations,
depending upon the complexity of turbidite
dispersal paths from the Bermuda pedestal.
Horizon AV, although of only local extent, is
particularly interesting because it closely
overlies Horizons AC and AT and is distinguish-
abie from them only upon close examination of
high-quality profiler records. Furthermore,
because the horizon is highly reflective, it
copmonly masks the deeper reflectors near the
pedestal (Figure 19a). Thus, less than
rigorous examination of the seismic stratigraphy
near Bermuda could lead to the erroneous
conclusion that deposition of "Horizon A"
(AC, AT, AY) and the culmination of Bermudan
volcanism and denudation were coincident and
dated to the middle Eocene.

Neogene Current-Controlled Sedimentation

Effects of the .deep circulation on sedimenta-—
tion patterns are clearly expressed in middle
Miocene and younger sediments deposited above
Horizon AU along the continental rise, and in
sediments above Horizon AC and AT elsewhere
in the basin (Figures 6, 13, 17), Patterns
of differential sediment accumulation range
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Figure 19, Seismic profiles across the nor-
thern Bermuda Rise. In (a} note Horizon AV
merges with the archipelagic apron of Bermuda
pedestal and masks deeper reflectors. In (b)
note thin sedimentary sections vetween Horizon
AC and acoustic basement, and massive sediment
drifts &' ove. Locations in Figure 16.

in scale from small moats around baseément
peaks to major depositional ridges such as

the Blake-Bahama Outer Ridge. One of the

best intermediate-scale examples of deposi~
tion controlled by the Western Boundary
Undercurrent is seen in a large-volume airgun
profile across the "lower continental rise
hills" near DSDP Site 105 (Figure 20). The
origin of these hills has been a matter of
long-standing debate, Explanations have
ranged from gravitational sliding (Ballard,
1966; Emery et al., 1970), to current-controlled
deposition (Fox, et al., 1968; Rona, 1969;
Ewing and Hollister, 1972), and to Pleistocene
erosion and sculpting by turbidity currents
(Asquith, 1976). The uncertainties resulted
primarily from the fact that mos% seismic
. profiles do not clearly define tue internal

structure of the hills (Figure 17). However,
the high-energy sound source used to record
the profile in Figure 20 shows that the hiils
are sediment waves containing migrating,
differentially deposited beds ti.at are charac-
teristic of current-controlled deposition.

Farther south, the Blake-Bahama Outer Ridge
is constructed primarily of Miocene and
younger sediments, and it overlies a Horizon
AU unconformity that is relatively flat
(Figure 18) or that has sculpted older sedi-
ments (Figure 6). Unconformable relationships
among seismic reflectors within the Neogene
sediments and unconformities encouatered in
boreholes show that the development of this
ridge system is complex and still poorly
understood, but the evolution undoubtedly
has been dominated by the depositional and
erosional activity cf the Western Boundary
Undercurrent (Markl and others, 1970; Bryan
1970; Ewing and Hollister, 1972). Other
depositional ridges such as the Caicos Outer
Ridge off the Bahama Banks and the Greater
Antilles Outer Ridge north of the Puerto Rico
Trench also have formed primarily in the
Neogene through current-controlled deposition
(Tucholke and Ewing, 1974).

Reflectors within the continental rise
above Horizon AV also show complex interrela-
tionships that probably were controlled by
flow of the Western Boundary Undercurrent and
by variable sediment influx related to sea
level changes. In many locations reflector
relationships are complicated further b
slumping. We have not traced Horizon A
unambiguously beneath the upper continental
rise nor satisfactorily interpreted the
Neogene evolution of this sedimentary prism.
However, because Horizon AU extends westward
in a relatively level attitude well below Llie
central continental rise, there can be little
doubt that the present rise evolved in response
to Neogene processes.,

Away from the continental margin, one of
the most active regions of late Paleogene and
Neogene current-controlled deposition has
been the northern Eermuda Rise (Figure 1i9b).
Laine (1978) presented evidence that sediment
there has been depcsited from a deep, westerly
return flow in the clockwise Gulf Stream
gyre. If this hypothesis is valid, then most
of the sediment deposited on the northern
Bermuda Rise could have been entrained by the
Gulf Stream from the Western Boundary Under-
current along the U.S. continental margin.

The marked late Paleogene and Neogene
change in sedimentation patterns demonstrated
by the seismic stratigraphy also is indicated
in the sediment lithology. Sediments deposited
throughout the basin during this period
consist of gray-gresn and brown hemipelagic
clays and silty clays (Blake Ridge Formation),
in contrast to underlying siliceous lithofac-.es
(Jansa and others, 2979). Graded turbidite
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Figure 20. R/V CONRAD 21-01 1arge-voluﬁk airgun profile across the "lower continental
rige hills" near Site 105. Note resolution of migrating reflectors within sediment
waves above Horizon AU, Location in Figure 16.

deposits have been cored in several boreholes
(106, 382, 383) and are traceable as acoustic-
ally laminated sequences in seismic profiles
across the modern abyssal plains. This latest
phase of turbidite deposition and formation
of the present abyssal plains probably began
near che end of the Pliocene.

Summary

By mapping the seismic stratigraphy in the
North American Basin and correlating reflectors
with the lithostratigraphy and biostratigraphic
age data at DSDP boreholes, we have been able
to interpret major aspects of the sedimentary
history of basin. By itself, no one of these
stratigraphic studies would be as useful in
examining the geological history. Relationships
among these stratigraphic elements are summarized
in Table 1 and Figure 14.

Deep reflectors beneath the continental
rise define relatively smooth, acoustically
laminated seismic sequences that pinch out
eastward on crust of Early to Late Jurassic
age. These sediments have not been drilled,
but their acoustic character suggests that
they are dominantly terrigenous and bioclastic
sediments emplaced by debris flows and turbidity
currents. Seafloor smoothing by these sediments
is most conspicuous in the southwestern part
of the basin where Horizon B (smooth acoustic

. basement) is formed by highly reflective

sediménts onlapping and seismically masking
upper ‘Middle to Upper Jurassic (anomaly M-23)
basaltic crust. Up to this time, sediments
transported downslope across tne continental
margin probably covered most of the Jurassic
seafloor. Local basement rises, such as that
at Site 105, were notable exceptions.

By Early Cretaceous time, influx of clastic
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sediment to the deep basin was reduced,
probably because of gradually rising sea

level and the growth of reef barriers along
the edge of the continental shelf. Oxfordian
to Hauteriviau/ Barremian sediments recovered
from the seismic interval between Horizons B
and B in the deep basin are dominantly pelagic
limestones and marly limestones. The numerous,
closely spaced reflectors in this seismic
interval generally conform to the shape of
underlying depositional surfaces, which also
suggests the pelagic nature of the sediments.
Thus the reflectors generally are smooth
above Jurassic crust, but farther east they
drape over irregular basement. The seismi-
cally mapped pinchout of Horizon B is oc
crust of Hauterivian-Barremian age.

Horizon R marks a rise in the CCD near the
end of the Neocomian and a change from deposition
of carbonates in an oxygenated environment to
deposition of black and green—-gray clays
under alternately anoxic and poorly oxygenated
conditions. The black clays are acoustically
non-laminated and of relatively uniform
thickness (v 100 m) in most of the deep
basin, indicating dominantly pelagic and
hemipelagic deposition with continued re-
striction of terrigenous sources. Several
thick lobes of black clays along the conti-
nental margin were deposited seawaxd of
probable breaches in the marginal reef system.

Beginning about Turonian time, bottom water
in the western North Atlantic again became
oxygenated but the CCD remained shallow, and
only a few tens of meters of pelagic multi-
colored clays were deposited in the deep
basin during the Late Cretaceous. However,
the contemporary continental rise received
a gradually increasing influx of sediment
from the continental shelf. bSlelf-edge reefs

‘e...



that became extinct in the middle Cretaceous
probably were overstepped by shelf sediments,
aud lowering Late Cretaceous sea level facili-
tated sedimant dispersal to the deep sea.

A rapid, brief depression of the CCD in the
middle to late Maestrichtian resulted in
depositizn of marly chalks throughout most of
the basin. These chalks correlate with Horizon
A*., Beneath the continental rise, Horizon A*
is interbedded with numerous reflectors that
resulted from terrigenous influx from the
continental shelf., Farther seaward, comparabie
acoustlically laminated sediments occur mostly
above Horizon A”, suggesting that deposition
of turbidites extended gcradually seaward
during the Paleocene. By early Eocene time
distal turbidites were being deposited on the
western part of the present Bermuda Rise.

Bicgenic silica was an important sedimentary
component from late Paleocene probably to
late Oligocene time. Silica deposition was
especially enhanced during the early part of
the Eocene, and diagenesis in upper-lower to
lower-middle Eocene sediments formed porce-
lantic cherts that correlate with Horizon AC.
This widespread reflector is observed within
siliceous turbidites west of Bermuda and in
pelagic clays and ridge-flank carbonates
farther east.

Horizon AT marks the top of the acoustically
laminated turbidites within which Horizon AC
is developed west of Bermuda. Horizon AT
ranges in age from middle to late Eocene.

The older age documents the time at which
uplift began to form the Bermuda Rise, isolating
it from turbidite influx., This uplift was
accompanied by formation of the Bermuda
volcanic i;edestal, which reached sea level by
late middle Eocene time. Horizon AV correlates
with the top of upper Eocene to upper Oligo-
cene volcaniclastic turbidites that surround
Bermuda and record subaerial weathering of

the Bermuda vol- inoes. The reflector is
continuous with th~ acoustically opaque apron
of the Bermuda Fedestal. It extends as much
as 200 km away from Bermuda and seismically
masks deeper reflectors near the island.

Between late Eocene and early Miocene time,
abyssal boundary currents eroded a major
unconformity (Horizon AU) along the continental
rise. This unconformity truncates Horizons
AT, A%, A*, and B near and beneath the present
continental rise and in the "Horizon A-B
outcrop” north of San Salvador. The unconfor-
mity subsequently was buried beneath rapidly
deposited Miocene to Holocene hemipelagic
sediments that have shaped the bulk of the
present continental rise. There is a striking
change in depositional regime above Horizon
AU and laterally tirte-equivalent levels.
Whereas earlier deposition was in the form of
pelagic drapes, accretionary prisms, and
sediment ponds, the overlying sediments
commonly exhibit migrating waves, sediment

drif:ss, local moats, and other patterns of
differential deposition. All of these patterns
attest to the development of the abyssal
circulation as an effective geologic agent
after late Eocene time.

Acknowledgements

e are pleased to acknowledge the long-
nding support of the Ofllce of Navai

Roacarch (NOD0T4=eT-R=OTOB=000% and NOGG14~
75-C-0210) and the National Science Fcund-
ation (GA550, GA27281, and DES71-00214) for
acquisition of seismic profiler records.
Without the extensive coverage and cross-
correlation of reflectors this data provides,
this study would not have been possible. W~
also thank G. Bryan and R. Markl for allowing
us to study large-vclume airgun profiles,
acquired across the Blake-Bahama Outer Ridge
under NSF Grant OCE-76-82326, that confirmed
our correlation of pre-B reflectors in that
region. K, Klitgord provided helpful dis-
cussion and kindly allowed us to study profiles
recorded along the continental rise on R/V
FAY cruises 19, 20, and 21. The National
Science Foundation, Grant OCE-76-02038,
provided funds specifically for analysis of
the seismic and lithostratigraphic data. We
thank B. Batchelder for drafting the figures.
Critical reviews by W.J. Ludwig, W.C, Pitman
111, J.I1I. Ewing, A.W. Bally, P.R. Vail, and
C. Lobo are appreciated. Contribution No.
2756 of Lamont~Doherty Geological Observatory.

References

Asquith, S., The nature and origin of the
lower continental rise hills off the east coast
of the United States, unpublished M.S. Thesis,
City College of New York, 1976,

Ballard, J.A., Structure of the lower continental
rise hills of the western North Atlantic,
Geophysics, 31, 506-523, 1966.

Benson, W., R.E. Sheridan, and others, Initial
Reports of the Deep Sea Drilling Project,

44, Washington, D.C. (U.5. Government Printing
Office) 1978.

Berggren, W.A., and J.D. Phillips, The influence
of continental drift on the distribution of
Cenozoic benthonic foraminifera in the
Mediterranean and Caribbean-Guli Coast regions,
in Symposium on Geology of Libya (Tripoli,
1969), Proc., Beirut (Catholic Press) 263-299,
1971. -

Berggren, W.A., and C.D. Hollister, Paleogeogra- .
phy, paleobiogeography, and the history of cir- :
culation in the Atlantic Ocean, in Hay, W.W.
(ed.), Studies in Paleo-oueanography, Soc.

Ecor. Pal. Min. Spec. Publ. 20, 126~186, 1974,
Boersma, A., N. Shackleton, M. Hall, and Q. Given,
Carbon and oxygen isotope records at DSDP Site
384 (North Atlantic) and some Paleocene paleo~
temperatures and carbon jsotope variations in

TUCHOLKE 83

'

.

H
5
;e
L
e
£

3
.
:;—_




|

'. ‘
. .

Il A ¢ 10

the Atlantic Ocean, in Tucholke, B.F., P.R.
Vogt, and others, Initial Reports of the Deep
Sea Drilling Project, 43, Washington, D.C.
(U.S. Government Printing Office) 1978.

Bracey, D.R., Structural implications of magnetic
anomalies north of the Bahama-Antilles Islands,
Geophysics, 33, 950-961, 1968.

Bryan, G.M., Hydrodynamic model of the Blake Outer
Ridge, Jour. Geophys. Res., 75, 4530-4537,
1970.

Bryan, W.B., P.T. Robinson, and others, Studying
ocean layers, Geotimes, 22 (7/8), 22-26,

1977.

Buffler, R.T., T.H. Shipley, and J.S. Watkins,
Blake continental margin: Am. Assoc. Petrol.
Geol. Seismic Sec. 2, 1978,

Cande, S.C,, and Y. Kristoffersen, Late Cretaceous
magnetic anomalies in the North Atlantic,
Earth and Planet. Sci. Letters, 35, 215-

224, 1977.

Catalano, K., M. Ra.son, and B.C. Heezen, Jurassic
algal back reef and Lower Cretaceous rudist
limestones from the Bahama Escarpment, Geol.
Soc. Amer. Abstr. with Prog., 7, 1023, 1975.

Dewey, J.F., W.C. Pitman XIII, W.B.F. Ryan,
and J. Bonin, Plate tectonics and evaluation
of the Alpine system, Geol. Soc. Amer, Bull,,
84, 3137-3180, 1973.

Donnelly, T.W., J. Francheteau, and others,
Mid-ocean ridge in the Cretaceous, Geotimes.
22(6), 21-23, 1977.

Douglas, R.G., M. Moullade, and A.E.M. Nairn,
Causes and consequences of continental drift
in the South Atlantic, in Tarling, D.H. and
S.K. Runcorn (eds.), Implications of Conti-
nental Drift to the Earth Sciences, 1, Londou
(Academic Press) 517-537, 1973.

Edgar, N.T., J.B. Saunders, and others, Initial
Reports of the Deep Sea Drilling Project, 15,
Washington, D.C. (U.S. Government Printing
Office) 1973.

Emery, K.0., E, Uchupi, J,D. Phillips, C.W.
Bowin, E.T. Bunce and S§.T. Knott, Continental
rise off eastern North America, Am. Assoc.
Petrol, Geol. Bull., 54, 44-108, 1970.

Ewing, J.1., and G.B. Tirey, Seismic profiler,
Jour. Geophys. Res., 66, 2917-2927, 1961.

Ewing, J.I., and M. Ewing, Reflection profiling
in and around the Puyerto Rico Trench, Jour.
Geophys, Res., 67, 4729-4739, 1962.

Ewing, J.I., J.L. Worzel, M. Ewing, and C.C.
Windisch, Ages of Horizon A and the oldest
Atlantic sediments, Scicnce, 154, 1125-1132,
1966.

Ewing, J,I., C.C., Windisch, and M. Ewing, T rre-
lation of Horizon A with JOIDES borenole
results, Jour. Geophys. Res., 75, 5645-5653,
1970.

Ewing, J.I. and C.D. Hollister, Regional aspects
of deep-sea drilling in the western North
Atlantic, in Hollister, C.D:, J.I. Ewing and
others, Initial Reports of tne Deep Sea
Driiling Project, 11, Washington, D.C. (U.S.
Government Printing Office) 951-973, 1972.

8  TUCHOLKE

Ewing, M., and J.I. Ewing, Sediments at proposed
LOCC drilling sites, Jour. Geophys. Res., €8,

251-256, 1963.

Ewing, M., and J.I. Ewing, Distribution of
cceanic sediments, Studies on Oceanography,
Geophysical Institute (Univ. of Tokyo) 525-
537, 1964,

Ewing, M., J.lL. Worzel, and others, Initial Re-
ports of the Deep Sea Drilling Project, 1,
Washington, D.C. (U.S. Government Printing
Office) 1969.

Fox, P.J., B.C, Heezen, and A.M. Harian, Abyssal
anti-dunes, Nature, 220, 470-472, 1968.

Gibson, T.G., and K.M. Towc, Eocene volcanism
and the origin of the Horizon A, Science, 172,
152-154, 1971.

Grow, J,A., and R.G. Markl, IPOD-USGS multichan-
nel seismic reflection profile from Cape
Hatteras tc the Mid-Atlantic Ridge, Geology, 5,
625-630, 1977.

Heezen, B.C., and R.E. Sheridan, Lower Cretaceous
rocks (Neocomian-Albian) dredged from Blake
Escarpment, Science, 154, 1644~1647, 1966.

Heezen, B8.C., C.D. Hollister, and W.F. Ruddiman,
Shaping of the continental rise by deep geo-
strophic contour currents, Science, 152, 502-
508, 1966,

Herman, Y., Origin of deep-sea cherts in the
North Atlantic, Nature, 238, 392-393, 1972.

Hollister, C.D., J.I. Ewing, and others, Ini-
tial Reports of the Deep Sea Drilling Project,
11, Washington, D.C. (U.S. Government Printing
Of fice) 1972.

Houtz, R., Preliminary study of global sediment
sound velocities from sonobuoy data, in
Hampton, L. (Ed.), Physics of Sound in Marine
Sedimer.ts, New York (Plenum Publ. Corp.) 519-
535, 1974,

Jansa, L., P. Enos, B.E. Tucholke, F. Gradstein,
and R.E. Sheridan, Mesozoic-Cenozcic forma-
tions of the North American Basin, western
North Atlantic, Am. Geophys. Union, Maurice
Ewing Series, 3, (this volume), 1979.

Jacque, M., and M. Thouvenin, Lower Tertiary tuffs

and volecanic activity in the North Sea, in
Woodland, A.W. (Ed.), Petroleum and the Conti-
nental Shelf of Nourthwest Europe, VI. Geology,
London (Applied Science Publ.) 455-465, 1975.

Jones, E.J.W., M, Ewing, J.I. Ewing and S.L.
Ejttreim, Influences of Norwegian Sea Overflow
Water or sedimentation in the northern Norti.
Atlantic and Labrador Sea, Jour. G:ophys. Res.,
75, 1655-1680, 1970.

Khudoley, K.M., and A.A. Meverhoff, Paleogeogra-
phy and geological history of Greater Antilies,
Geol. Soc. Amer. Mem. 129, 199pp. 1971.

Ladd; J.W., Relative motion of South America with

respect to North America and Caribbean tectonics,

Geol. Soc. Amer. Bull., 87, 969-976, 1976.

Laine, E., Geological effects of the Gulf Stream
system in the North American Basin, unpublished
Ph.D. Thesis, Massachusetts InstZtute of Tech—
nology - Woods Hole Oceanographic Ingtituticn,
W.H.0.I. Ref. No. 787, 1978.

LT e e e et

T A e el e

o N e e ettt O el oo

IO Sl D RSt




Lancelot, Y., J.C. Hathaway, and C.D. Hollister,
Lithology of sediments from the Western North
Atlantic Leg 11 Deep Sea Drilling Project, in
Hollister, C.D., J.1. Ewing, and others, Ini-
tial Reports of the Deep Sea Drilling Project,

11, wWashington, D.C. (U.S. Government Printing
Office) 901-949, 1972.

Lancelot, Y., E. Seibold, and others, Initial
Reports of the Deep Sea Drilling Project, 41,
Washington, D.C. (U. S. Government Printing
Office) 1978.

Margolis, S.V., Cenozoic and Late Mesozoic paleo~
temperature and paleoglacial history contained
ir circum-Antarctic deep-sea sediments, 25th
Int. Geol, Congr. Abstracts, 3, 885-886, 1976.

Markl, R.G., G.M. Bryan, and J.I. Ewing, Struc-
ture of the Blake-Bahama Outer Ridge, Jour.
Geophys. Res., 75, 4539-4555, 1970.

Mattson, P.H. and E.A. Pessagno, Jr., Caribbean
Eocene volcanism and the extent of Horizon A,
Science, 174, 138-139, 1971.

Meyerhoff, A.A., and C.W, Hatten, Bahamas salient
of North America, im Burk, C.A., and C.L. Drake
(eds.), The Geology of Continental Margins,

New York (Springer-Verlag) 42y-u446, 1974.

Montadert, L., D.G. Roberts and others, Glomar
Challenger Sails on Leg 48, Geotimes, 21(12),
19-23, 1976.

Mountain, G.S., and B.E. Tucholke, I'orizon B:
Acoustic character and distribution in the
western North Atlantic (abs.), Trans. Am.
Geophys. Union, 58, 406, 1977.

Parsons, M.G., The geology of the Laurentian Fan
and the Scotia Rise, in Yorath, C.J., and others
(eds.), Canada's Continental Margins and Offshor«
Petroleum Exploration, Can. Soc. Petrol. Ceol.
Mem. 4, 155-167, 1975.

Peterson, M.N.A., N.T. Edgar, and others, Initial
Reports of the Deep Sea-Drilling Project, 2,
Washington, D.C. (U.S. Government Printing
Office) 1370.

Pitman, W.C. III, and M, Talwani, Sea-floor sprea-
ding in the North Atlantic, Geol. Soc. America
Bull., 83, 619-646, 1972.

Pitman, W.C. III, Relationship betwet eustacy
and stratigraphic sequence: of passive margins,
Geol. Soc. Am. Bull., 89, 1389-1403, 1978.

Rabinowitz, P.D. and G.M. Purdy, The Xane Frac—
ture Zone in the western central Atlantic Ocean,
Earth and Planet. Sci. Letters, 33, 21-26, 1976.

Ramsay, A.T.S., Occurrence of biogenic siliceous
sediments in the Atlantic Ocean, Nature, 233,
115-117, 1971.

Reynolds, P.H., and F. Aumento, Deep Drill 1972.
Potassium-argon dating of the Bermuda drill
core, Can. Jour. Earth Sci., 11, 1269-1273, 1974.

Rona, P.A., Linear "lower continental rise hills"
off{ Cape Hatteras, Jour. Sed., Petrol., 39,
1132-1141, 1969.

Ryan, W.B.F., M.B. Cita, E.L. Miller, D.
Hangelman, W.D. Nesterhoff, B. Hecker and M,
Nibbelink, Bedrock geology in Ncw England sub-
marine canyons, Oceanologica Acta, 1, 233-254.
1978. .

Saito, T., L.H. Burckle, and M. Ewing, Lithology
and paleontology of the reflective layer Hori-
zon A, Science, 154, 1173-1176, 1966.

Savin, S5.M., R.G, Douglas, and F.G. Stehli, Ter-
tiary marine paleotemperatures, Geol. Soc.

Amer. Bull., 86, 1499-1510, 1975.

Schouten, H., and K. Klitgord Map showing Meso-
zoic magnetic anomalies, western North Atlantic,
U.S. Geol. Survey Misc. Field Studies, Map MF-
915, 1977.

Sheridan, R.E., J.D. Smith, and J. Gardner, Rock
dredges from Blake Escarpment near Great Abaco
Canyon, Am. Assoc. Petrol. Geol. Bull., 53,
2551-2558, 1969.

Shipley, T.H., Sedimentation and echs character
in the abyssal hills of the west-central North
Atlantic, Geol. Soc. Amer. Bull., 89, 397-408,
1978.

Shipley, T.H., R.T. Buffler, and J.S. Watkins,
Seismic stratigraphy and geologic history of
Blake Plateau and adjacent western Atlantic
continental margin, Am. Assoc. Petrol. Geol.
Bull., 62, 792-812, 1978.

Supko, P.R., K. Perch-Nielsen, and others, Initial
Reports of the Deep Sea Drilling Project, 39.
Washington, D.C. (U.S. Government Printing
Office) 1977.

Sverdrup, H.U., M.W. Johnson, and R.H. Fleming,
The Oceans, Englewocod Cliffs (Prentice-

Hall) 1942.

Talwani, M., G. Udintsev, and others, Initial
Reports of the Deep Sea Drilling Tcoject, 38,
Washington, D.C. (U.S. Government Printing
Office) 1976.

Tracey, J.I. Jr., G.H. Sutton, and others, Ini- B}
tial Reports of the Deep Sea Drilling Project, t
8, Washington, D.C. (U.S. Government Printing
Office) 1971.

Tucholke, B.E., Jurassic to Recent lithofacies
and acoustic facies in the western North
Atlantic basin (abs.), Geol. Soc. Amer. Abs.
with Prog., 8, 1147-1148, 1976.

Tucholke, B.E., Relationships between acoustic
stratigraphy and lithostratigraphy in the
western North Atlantic basin, in Tucholke, B.E.,

Vogt, P.R., and cthers, Initial Reports of the
Deep Sea Drilliug Project, 43, Washington, D.C.
(U.S. Government Printing Office), in press, 1979.

Tucholke, B.E. and J.I. Ewing, Bathymetry and
sediment geometry of the Greater Antilles y
Outer Ridge and vicinity, Geol. Soc. Amer. Tk
Bull., 85, 1789-1802, 1974,

Tucholke, B.E., and G.S. Mountain, The Horizon-A
complex: lithostvatigraphic correlation and
paleoceanograph ¢ significance of reflectors in
the western Nor:h Atlantic (abvs.), Trans. Am.
Geophys. Union, 38, 406, 1977a.

Tucholke, B.E., and G.S. Mountain, Depcsitional
patterns and depositional environmert of Creta-
ceous black clays in the western N..th Atlantic
(abs.), Geol. Soc. &m. Abs. with Prog., 9,
1207, 19770,

Tucholke, B.E., and P.R. Vogt, Western North
Atlantic: Sedimentary evolution and aspects

TUCHOLKE 85




T T w.}:,m,n‘,.,.w., PN T T

e e T

i
Il

|

=
=
=
=

i

i

’

i

it
1

of tectonic history, in Tucholke, B.E., P.R.
Vogt, and others, Initial Reports of the Deep
Sea Drilling Project, 43, Washington, D.C.

(U.S.Government Printing Office),in press, 1973,

Tucholke, B.E., P.R. Vogt, and others, Initial
Reports of the Deep Sea Drilling Project, 43,
Washington, b.C. (U.S. Government Printing
Office), in press, 1979.

Uchupi, E., Bathymetric atlas of the Atlantic,
Caxibbean and Sulf of Mexico: Woods Hole

86 TUCHOLKE

Oceanographic Inst. Ref. No. 71-72, (un-
published manuscript), 1971,

Vail, P.R., R.M. Mitchum,Jr., and S. Thompson
III, Global cycles of relative changes of sea
level, in Payton, C.E. (Ed.) Seismic Strati-
graphy-Apnlication to Hydrocarbon Exploration,
Am. Assoc, Petrxol. Geol. Mem. 26, 83-97, 1977.

Windisch, C.C., R.J. Leyden, J.L. Worzel, T.
Saito, and J, Ewing, Investigation of Horizon
B, Science. 162, 1473-1479, 1968.




EVOLUTION OF THE ATLANTIC CONTINENTAL MARGIN OF THE URITED STATES

by David W. Folgex, William P. Dillon, John A. C.ow, ¥im D. Klitgord, John S. Schlee

U. S. Geological Survey, Office of Marine Geology,
Woods Hole, Massachusetts 02543

Abstract. Since latest Triassic time, sediments
have been accumulating on subsiding continental,
transiticnal, and oceanic c¢rust. The Continental
Rise lies on oceanic basement that can be traced
by its characteristic hyperbolic acoustic signa-
ture and weak lineated magnetic anomalies from the
deep sea across the Jurassic magnetic quiet zone
as far landward as the East Coast !agnetic Anomaly
(ECMA). Fracture zones delineatea in the oceanic
basement are z2ligned with displacements in the
edge 0f the adjacent continental crust which
appear tc control, in part, the geometry of the
four major structural basins that underlie the
continental margin landward of the ECMA. Transi-
tion zones between basins and platforms are cften
defined by the disruption of gravity and magnetic
anomaly trends which parallel the margin. Broad,
weak, free-air gravity anomaly lows and long-wave-
length, low-amplitude magnetic anomalies charact-
erize these basins while weak gravity highs and
hizh amplitude shert wavelength magnetic anomalies
are more typical over the intervening platforms.

Following separation of North America from
Africa in the Late Triassic and earliest Jurassic,
sediments accumulated rapiciy om rifted and
thinned contiaental and/or transitional crust, but
more slowly on oceanic crust seaward of the ECMA.
During Late Cretaceous and Tertiary, subsidence
slowed and tectonism was limited to regional
warping and minor faulting. As much as 10 km of
total sediment were deposited in the Georges Bank
basin, 14 km in the Baltimore Canyon Trough, 8 kn
in the Southcast Georgis Fmbayment, and 12 km in
the Blake Plateau. Upper Triassic and Lower
Jurassic continental beds and some evaporite
deposits gave way to carbonate deposits of Late
Jurassic to Early Cretaceous age; marine sands
and clays prograded during the remainder of the
Cretaceous. In the early Tegtéa;v, Blake Flateau

sedimentation ended or slowed owing to initiation
of stronger Guif Stream flow; off New Jersey and
New England, limited deltaic deposition occurred.
The shelf edge has shifted 20-30 km landward of
the Cretaceous shelf edge, apparently in response
to numerous Sea level lowerings which may have
started in the early Tertiary and culminated in
Pliocene and Pleistocene time. Of greatest
perroleum potential in the sedimentary basins are
traps associated with intrusions, carbonate reefs
and banks, pinchouts in the transgressional wedge,
drape structures over deeply buried fault blocks,
and a ¢ew diapirs.

Introducticn

The U. 5. Geological Survey has been collecting
geological and geophysical data on the Atlantic
and Gulf coast continental margins of the United
States since 1962. The first six years of this
effort involved mainly the mapping cf bathymetry,
sediment characteristics, and shallow stratigraphy
based on single-channel seismic profiles (see
Emery and Uchupi, 1972). By 1968 the sediments on
tae Atlantic shelf had been sampled on a 10-km
s acing (Hathaway, 1971) and seismic surveys com-
pleted on a 50-75 km spacing. These studies pro-
vided an excellent picture of the regional shallow
scratigraphy and surficial sedinent texture and
mireralogy, but were not adequate to assess deep
structure and stratigraphy nor to evaluate import-
ant environmental phenomena such as sediment
dynamics and geotechnical properties.

Partly in response to leasing initiatives, in
1573 new studies were undertaken of the environ~.
mental hazards on the Outer Continental Shelf of
the Gulf of Maxico and of the resource potential
and environmental hazards on the Atlantic Outer
Continental Shelf. The new data have included
gravity, magnetic, and multichannel seismic
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Fig. 1. Tracks along which multichannel
seismic data have been collected for the
U. S. Geological Survey between 1973 and
1978.

s

profiles; sediment cores as much as 300-m long;
suspended sedimert concentfationg; and bottom
currest reasurements. This paper presents only
those data that provide new information on the
structural and stratigraphic evolution of the
Atlagtic zentinental margin.
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The Atlantic continental margin of the United
States is one of the most extensively studied
areas of the world. Sediments were sampled in the
19th century (Pourtales, 1872) and some of the
earliest marine geophysical surveys were carried
out off the mid-Atlantic staces (Ewing and others,
1937, 1938, 1940). By the 1950's, syntheses of
seismic refraction measurements revealed thick
(5 kn) sedimentary prisms beneath the sheif that
had compressional velocities <4.5 km/s; underlying
rocks that had velocities >5.3 km/s were inter-
preted to be basement (Ewing and Press, 1950;
Ewing and Ewing, 1959; Drake and others, 1959). In
a classic paper, Drake, Ewing, and Sutton (1959)
equated two sedimentary troughs, one beneath the
Shelf and another beneath the upper Continental
Rise, off the Atlantic margin with the mio- and
eugeosynclines of Stille (1936, 1941) and Kay
(1951).

Subsequently, singie channel seismic reflection
profiles (Emery aznd Uchupi, 1372) revzaled hori-
zons on the Contirental Slope rhere water-bottom
multiple problems were not as severe as on the
Continental Shelf. From these and other data, the
high velocities near the Shelf edge in the early
refraction studies were reinterpreted and attri-
buted to carbonate rocks (Emery and Uchupi, 1972;
Steridan, 1974; Mattick and others, 1974, 1976a;
Schlee and others, 1976, 1977; Grow and others,
1978) instead of basement.

The first Common Depth Point (CDP) seismic
reflection profiles to be released to the public
were contracted by the U. S. Geological Survey on
the Atlantic margin. They revealed that the sedi-
mentary trough beneath the Shelf contained more
than 12 km of sediment and the trough beneath the
Continental Rise contained less than 8 km of sedi-
ment (Schlee and others, 1976; Grow and others,
1978). The troughs were similar in outline to
those described by Drake and others (1959) but
the CDP profiles showed that the thicker section
lay under the Shelf and not under the Slope as
previously suggested. The troughs were Separated
by an acousticaliy-opigue zone at 3-6 km depth
{Behrendt and others, 1974; Schlee and others,
1976; Grow and others, 1979).

Early aeromagnetic and shipboard geomagnetic
surveys over the Atlantic continental margin
revealed » prominent positive anomaly along the
Outer Shelf and Slope which is known as the East
Coast Magnetic Anomaly {(Xeller and cthers, 1954;
Drake and others, 1963; Taylor and others, 19%8).
Taylor and others 11968) constructed a 100 aT
contour magnetic anomaly map of the [ *lantic mar-
gia which suggested that basement is challow
under the Inner Shelf but is much deeper tander
the Outer Shelf and Continental Rise. They also
inferred that the East Coast Magnetic Ancmaly
was caused by a vertical intrusive body about 30-
kn wide only 7 km beneathk the Duter Shelf and
upper Slope. )

Early gravity measurements aloag the U. S:
Atlantic margin were made by meatis of -pendulum
systéns aboard submarimes (Worzel ard Shurbet,
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1975 USGS/LKB
AEROMAGNETIC SURVEY

1964/1966 USN.OO.

AEROMAGNETIC SURVEY
{US.NCO., 1966)

1965 IGRF GRAPHICALLY
REMOVED

1964 /1966 U.SN.OO.
AEROMAGNETIC SURVEY
(USNOO, 1972)
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Inc., for the U. S. Geological Survey (from Klitgord and Behrendt, 1979).

1955; Worzel, 1965). By the late 1960's, improved

surface ship gravimeters increased the quality and

quantity of the data collected. Free air gravity
anomaly maps of the Atlantic continental margin
were published by Emery and others (1970) and
Rabinowitz (1974) at contour intervals of 20 and
25 mgal. More recently, U. S. Navy and U. S.

Geological Survey data have been compiled to pro-—
vide a free air gravity anomaly map contoured at
an interval of 10 mgal (Grow and others, 1976, in
press; Grow and Bowin, 1977; Ewing, 1978).

In addition to these extensive geophysical
investigations, several drilling, coring, and
dredging programs have provided geological samples
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U. S. Geological Survey during 1975 and 1976 and by the U. S. Navy
between 1966 and 1963 (Grow and Bowin, 1977; Grow and others, in

press).

from this region. Published stratigraphic aund
paleoecologic information includes a study of the
COST B-2 well (Scholle, 1977; Poag, 1978); deep-
sea drilling sites (JOIDES, 1967; Hollister, Ewing
and others, 1972); the Atlantic Slope Project (ASP)
of Exxon, Mobil, and Chevron 0il Companies (Poag,
1978); the USGS Atlantic Margin Coring Program
(Hathaway and others, 1976; Poag. 1978); dredge
hauls from submarine canyons (St tson, 1936, 1949;
Heezen and Sheridan, 1966); and samples collected
from submersibles (Gibson and others, 1968; see
Weed and others, 1974; Ryan and others, 1978;
Valentine, 1978).

Methods of Investigation

Common Depth Point (CDP) Seismic Profiles

We now have 20,000 km of CDP profiles collected
from 1973 through 1978 (Fig. 1). This gives us a

30 FOLGER

cross-shelf line spacing of about 40 km; in addi-
tion, one long line extends continuously along the
Shelf from Nova Scotis to ‘e Bahamas, another lies
along the base of the Cintinental Slope from
Georges Bank to the Blake basin, and several other
short lines parallel the Shelf edge.

Although most of the CDP data prescnted have
been acquired and processed by contract geophysical
companies, some of the lines in the Blake Plateau
area were obtained in cooperation with the Univer-
sity of Texas and the institut Frangais du Petrole
Most data were collectnad with an array of air guns
(volume: 1400-2200 in3 at 1800-2000 psi) fired
simultaneously every 50 m; returning signals were
received by a 24~ to 48-group (50- and 100-m
snacing) hydrophone array 2.4 to 3.6 km long. Data
were recorded on a 48-channel tape recorder and a
single channel analog recorder. Tapes were pro-
cessed to include true amplitude recovery, rormal
move-out correction, common depth point gather,
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velocity analysis, CDP stack and time variant
filtering, and horizontal stack.

Geomagnetic Profiles

A new 185,000 km high-~sensitivity aeromagnetic
survey (Fig. 2) was acquired through contract in
1975 with LKB Resources, Inc. It was combined
with aeromagnetic data collected in 1964~66 by the
J. S. Naval Oceanographic Office (published in
1966 and 1972) and with surface ship data published
by Vogt and others in 1971. The summarized data
have beea interpreted by Klitgord and Behrendt
(1979). Magnetic anomaly maps were compiled at a
scale of 1:250,000 with a contour interval of 2nT
by LKB Resources, Inc. and at a scale of
1:1,000,000 with a contour interval of 50 nT by
Klitgord and Behrendt {1977).

The depth-to-basement maps (Klitgord and
Behrendt, 1979) and parts of the geologic cross
sections presented in this paper are based on
depth~to~source estimates derived from a Werner

deconvolution-type method (Hartman and others 1971;
Jain, 1976) which assumesthat the magnetic sources
are either two dimensional dikes or edges of rock
bodies. Generally, sediments within a basin have
weaker susceptibilities than basement; therefore,
the sources of major magnetic anomalies are intex-
preted to be basement structures, magnetic suscept-
ibility variations within basement rocks, or vol-
canic rocks within basement or the overlying
sediment column. Methods for estimating magnetic
source depths require assumptions about the
sources. In the interpretations presented, seismic
reflection and refraction profiles and borehole
data have been used to limit these assumptions and
thereby to increase the reliability of the depth
estimates.

Gravity Measurements

During 1975 and 1976, approximately 39,000 km of
new gravity data were obtained along the U. S.
Atlantic margin on USGS cruises using the Woods
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Fig. 5. Gravity field over tu.

(from Grow and others, in press).
Survey and U. S. Navy data (Fig. 3)
and others (1970) and Rabinowitz (1974).

!
l
|

: Hole Oceanographic Institution's vibrating-string
sea gravimeter (Bowin and others, 1972) (Fig. 3).
Navigation used satellite and Loran-C systems for
positioning; velocity was measured by a combination
of doppler sonar, range-range Loran-C, and Chesa-
peake Speed Log. The root-mean-square of the line
cross errors for these cruises are less than 2-1/2
: mgal, and the data are satisfactory for contouring
: at a 10 mgal interval. These data were combined
with recently declassified U. §. Navy data and
previously published data to provide a preliminary
map north of 36°N (Crow and others, 1976); and a
revised frec-air anomaly map of the entire margin
from nortkern Florida to Maine at a 10-mgal contour

interval has been prepared by Grow and others (in
press).
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Results of Investigations

Overview

We now have enough data to recognize the major
structural elements of the U. S. Atlantic margin
and to comstruct diagrammatic cross sections of
the major basins and platforms. High quality deep
seismic reflection data have reduced ambiguities
in the interpretation of gravity aru magnetic data
anc conversely, where CDP data are weak, as at the
Shelf edge, aeromagnetic data have strengthened
the interpretation. Nevertheless, integration of
such extensive geophysical measurements is only
beginning; thus, this Paper is an initial attempt
to review it briefly in one place.

oy

© e




»

I

Wl

USGS LINE 5 7.
CAPE COD %
EAST COAST —200 <
N\ HAGNETIC ANOHALY =
g
]
AU N S 400
R I N A \\ ........................................
""""""" LOCAL AIRY ISCSTATIC GRAVITY ANOMALIES
-50™, RISE TROUGH—— = 600
(0} (o}
, UNCONFORMITY (OLIG ?)
CCEAN
AND VOLCANICS
10 b E 10
= // OCEANIC CRUST - LAYER 3
Z RIFTED, THINNED . N 3 X 3
< "AND INTRUDED \\\\\ 1 x
z CONTINENTAL CRUST > p
o =
] o
020 -j2ou
MANTLE
EXPLANATION —
T= TERTIARY
K=CRETACEOUS
LK=LOWER CRETACEOUS
30 BeTRIASSIC vessx 7%
AL e | I 1 1 1 I 1 L | | i
0 100 200 300
DISTANCE (KM)
Fig. 6. Interpretative cross section along CDP Line 5 southeast of Cape Cod across
the northeastern part of the iong Island platform (0 to 75 km distan.e) and the
southwestern end of the Georges Bank basin (75 to 175 km distance). Line 5 is
unique in that the top of oceanic basement can be clearly traced to a depth of 10
xm at the axis of the East Coast Magnetic Anomaly (Grow and others, 197¢3. The
Moho configuration is based on gravity modeling (Grow and others, in press).
Clearly, the drilling presently underway in the of probable Triassic and Jurassic age. Extensions

Baltimore Canyon Trough (Fig. 4) and the Southeast
Georgia Embayment wiil provide a more solid geo-
logic basis for interpretations which now include
only the limited core data provided by two
Continental Offshore Stratigraphic Test (COST)
wells, B-2 and GE-1 (Fig. 1) (Smith and others,
1976; Scholle, 1977) and from 39 shallow (~300 m)
stratigraphic holes drilled between 1965 and 1976
(Bunce and others, 1965; Hathaway and others, 1976;
Poag, 1978). Data irom the two COST wells drilled
on Georges Bank (Fig. 1) have not been released

at the time of this writing and hence are not
available for our interpretation.

The major structural elements of basins, plat-
forms, and fracture zones for the Atlantic conti-
nental margin (Klitgord and Behrendt, 1979) are
summarized in Figure 4. In solid black are basins
that contain exposed red beds and volcanic rocks

of these basins seaward and the presence of other
buried Triassic and Jurassic(?) basins have been
inferred from magnetic and drillhole data. For
example, at Nantucket recent USGS drilling has
revealed basalt flows at 459 m below sea level
that have aminimum age of 183 :6 m.y. (Folger and
others, 1978). Similar basalts drilled by the
USGS near Charleston, S.C., have been dated at
162-204 m.y. (Gohn and others, 1978). The major
platforms of shallow pre-Jurassic continental
crust along the margin border the syntectonic and
post-rift basins that are filled mainly with Meso-
zoic sediments. These basins are, in order from
north to south, the Georges Bank basin, the Balti-
more Canyon Trough, the Carolina trough, and the
Blake Plateau basin (Fig. 4).

The seaward margin of the Mesozoic shelf basins
north of 32°N latitude (Fig. 4) is marked by the
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Fig. 7. Isopach map of total sediment overlying basement in the
Georges Bank area based on CDP seismic data

(from Schlee and others, 1977).

East Coast Magnetic Anomaly (Klitgord and Behrendt,
1979). Most authors (Sheridan, 1974; Mayhew, 1974;
Rabinowitz, 1974; Schlee and others, 1976; Grow
and Schlee, 1976; Grow and others, 1978) believe
that beneath the shelf basins, basement is composed
of faulted and thinned blocks of continental(?)
crust. Seaward of the ECMA, the seismic-reflectic
and refraction data and long lineated magnetic
anomalies indicate typical oceanic crust (Mayhew,
1974; Schlee and others, 1976; Klitgord and Beh-
rendt, 1977; Sheriden and others, in press). In
general, the seismic data indicate a greater depth
to basement on the landward side of the ECMA than
on the seaward side. Numerous >10-km magnetic
depth estimates just landward of the ECMA and a
set of 6-8 km depth estimates along the ECMA
suggest a basement high in the region. The sus-
ceptibility contrasts associated with the shallow
(6-8km)depth estimates suggest that their source is
most likely a basement high with a susceptibility
contrasi >10 X 10~4 (C.G.S. units) zssociated with
the landward edge of this oceanic crust. The
seismic profiles usually do not show coherent
reflections deeper than 3-6 km in the vicinity of
the magnetic basement high; but in most cases above
these highs, a disturbed, acoustically-incoherent
zone has been interpreted as carbonate rocks
(Schlee and others, 1976; Grow and others, 1978).
On the other hand, reflections off oceanic basement
can usually be detected to within 50 to 75 km of
the ECMA; for example, on CDP Line S off Cape Cod
(Figs. 1 and 6), oceanic basement was traced to the
ECMA where it terminates at a depth of about 10
km (Grow and others, 1979). Thus the ECMA marks
the seaward margin of the Mesozoic basins and
probably the landwari margin of the oceanic crust.
The orientation of Iracture zones (Fig. 4) has
been determined fror the offsets of sea floor
spreading anomalies seaward of the Mesozoic quiet
zone (Schouten and Klitgord, 1977) and the projec—
tion of these fracture zones across the Jurassic
quiet zone using the basement relief which clearly
marks the trends of the fracture zones (Klitgord
and Schouten, 1977). The horizontal offsets in
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the edge of continental crust, which resulted
from the initial rifting of North America from
Africa in Early Jurassic, were propagated in the
oceanic crust as transform faults which are now
preserved in the offshore fracture zone pattern.

A 10-mgal gravity anomaly map (Fig. 5) of the U.
S. Atlantic margin has been prepared from recent
Y. S. Navy and USGS data (Fig. 3) supplemented by
earlier data, mainly from the Lamont-Doherty Geo-
logical Observatory of Columbia University and the
Woods Hole Ocearographic Institution (Grow and
others, in press). The most prominent free-air
gravity anomalies at continental margins are
usually positive along the Shelf edge and negative
along the base of the Slope. This is due largely
to the edge effects of the changing topography and
changing depth to the crust-mantle boundary. How-
ever, free-air values change significantly along
the length of the U. S. margin and correlate with
transitions between shelf basins and platforms and
with fracture zones mapped in the oceanic crust
(Fig. 4). )

The major shelf basins (Fig. 4) are characterized
by broad, free-air anomaly gravity lows, usually
ranging from 0 te -30 mgal. Areas such as the Cape
Cod and Cape Hatteras parts of the Long Island and
Carolina platforms are characterized by positive
free-air anomalies, usually between 0 and +30 nmgal.

The free-air anomaly minimum along the base of
the Continental Slope changes abruptly at several
locations along the margin. In some cases the
free-air positive of the Shelf edge and the nega-
tive along the Slope both increase or decrease by
20-30 mgal along strike over a distance of 50 km.
The most impressive examples of these abrupt
transitions are at the Blake Spur fracture zone,
east of Cape Hatteras, near Norfolk Canyon, off
Delaware Bay, and south of Cape Cod. The change
in free-air anomaly values along strike reflects,
in part, significant differences in width and
depth of the sedimentary basins and the depth of
Hoho underlying the crustal blocks. The fact that
these abrupt transitions of the Shelf edge positive
and the Slope minimums are often concurrent, and
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Fig. 8. Depth to basement in the Georges Bank basin based on magnetic depth-to-basement estimates

(trom Klitgord and Behrendt, 1979).

the fact that they correlate with the early oceanic
fracture zones suggest that bothk the basin distri-
bution and the fracture zones are reiated to the
adjacent continental and transitional crustal
blocks beneath the Shelf. A more detailed discuss-
ion of the free air anomalies, isostatic anomaly
profiles, and several two-dimensional gravity
models along multichannel seismic Lines 5 and 6
are given by Grow and others (in press).

The integration of all our geophysical data is
depicted in schematics of the crust across the
Atlantic continental margin (Grow and others, 1979)
and is illustrated by Figure 6. The computations
for isostatic anomalies shown in this figure
include an assumed water layer density of 1.03 g/cc
and a crustal density of 2.7 g/cc, a mantle density
of 3.3 g/ce, and a depth of compensation of 30 km
at the shoreline. We have ignored sediment cor-
rections which Rabinowitz suggests (1974) are small
and do not change the isostatic anomaly greatly.

The stratigraphic system and series boundaries
shown within the sedimentary rocks are based on
tentative correlations with bore holes to the
south (COST B-2) and to the north (Shell-Mohawk
B-93, Fig. 1), and on the character of the reflec-

L ]
66°W 65°W

tors. We infer facies changes from tke interval : )
velocities, from extrapolation of bore hole data, - -
and from exposures on land, i.e., Triassic basins. )
The sediment/basement interface is derived from .
CDP, magnetic, and gravity data. The oceanic S
crustal layer and mantle boundaries have been = - S
determined by seismic refraction data near CDP "
Lines 2 and 6 off New Jersey (Sheridan and others,
in press). The depth to Moho inferred along CDP
Lines 5, &, and IPOD are in agreement with gravity
models off Cape Cod and Cape Hatteras (Grow and
others, 1979).

e

Georges Bank Basin

The structural complexity of the basement under-
lying Georges Bank is revealed by an isopach map of
total sediment thickness based on CDP data (Fig. 7;
from Schlee and others, 1977) and a depth-to-
magnetic-basement map (Fig. 8; from Klitgord and
Behrendt, 1979). On CDP profiles, acoustic base-
ment is lost near the Shelf edge, but the magnetic
data indicate that the basement ridge present
beneath the ECMA is as shallow as ~6 km below sea
level seaward of the basin axis. Within Georges
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basin (modified from Schlee and others, 1976).

Bank basin, coherent seismic reflectors can be seen
only to depths of 7 km (Schlee and others, 1976),
but weak reflectors below 7 km combined with magne-
tic depth solutions indicate that the sedimentary
rocks within the Triassic grabens may extend to a
depth of 10 to 12 km. Sediments thin to the north-
east over block-faulted basement that rise to form
the La Have platform. To the northwest, thinning
occurs in a somewhat simpler manner on the Long
Island platform.

Interpretations of CDP Line 1 (Figs. 1 and 9)
across the Georges Bank basin suggests that velo-
cities increase laterally (in a seaward direction)
as well as vertically as depth increases. Near-
shore, velocities increase with depth from 1.9 km/s
(typical of poorly consolidated sand and shales)
to 4.1 km/s (typical of consolidated sands and
shales. In the bzsin, thay increase from 2.05 kmjs
(typical of consolidated sands, shales, and carbo-
nate rocks) in the upper kilometer to 5.9 km/s at
depth (typical of indurated limestones or dolo-
mites). Seismic rzfraction data near the seaward
edge of Georges Bink alsc reveal velocities of 5.0
kn/s at depths of 1.8 km (Drake and others, 1959;
Jaworski and others, 1976). Reflectors along this
line are diffuse at the Shelf edge and cannot be
traced under the upper Slope. On the basis of
these velocities, limited dredge data (Verrill,
1878; Agassiz, 1888; Cushman, 1936; Stetson, 1936,
1949), and submersible observations (Ryan and
others, 1978}, a lithostratigraphic section has
been constructed (Fig. 10).

We have interpreted the high velocities near the
Shelf edge as representative of a carbonate bank
or reef similar to the one described by Jansa and
Wade (1975) and by Given (1977) to the north under
the Scotian Shelf, and also inferred off northwest
Africa (Bhat and others, 1975). The cartonate
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platform probably is of Middle Jurassic to Early i
Cretaceous age (Schlee and others, 1976; Uchupi 3

and others, 1977; Ryan and others, 1978; Poag,

1¢78). The 5.6-5.9 km/s interval velocity layer

indicates that massive carbonate deposits extended
across all of Georges Bank during Middle Jurassic
time; but the 5.2 km/s zone indicates that carbon-
ate deposits were restricted to the Shelf =adge
during Late Jurassic and Early Cretaccous cime.
The section is underlain by probable friassic and
Lower Jurassic red beds and volcanic rocks, and is
overlain by a prism of post-Jurassic clastic rocks
that is as much as 3-km thick (7-10 km deep?).
Thus, the section is similar to, but much thicker
than, the one penetrated by the Shell-Mohawk well
on the La Have platform (Figs. 1 and 4).

Long Island Platform

The Long Island platform (Fig. 4) is one of
several regions of shallow continental crust burid
by only a thin layer of sediments and which lie
just landward of the sediment basins. The inter-
pretive section for CDP Line 5 {Fig. 6) crosses
the northeastern end of the Long Island platform.
Isostatic anomalies along the line of seczion are !
low and imply isostatic equilibrium. We infer ‘
that the thin sediment ccver on the landward part
of the profile lies upon nearly normal continental
crust, whereas farther seaward, at distances of
100-170 km from the coast (Fig. 6), the continental
crust underlying the outer shelf sediments thins
gradually to less than 15 km near the ECMA (Grow
and others, in press). 1

The top of oceanic crust can be traced clearly

(T

beneath the Continental Rise to a depth of 10 km
directly beneath the axis of the ECMA (Grow and
others, 1979). The rise of oceanic basement to a
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depth of 8 km is inferred from the magnetic depth-
to-basement estimates (Klitgord and Behrendt, 1975).
This seismic line establishes the clearest correl-
ation between the most landward identifiable
oceanic basement and the axis of the high magnetic
anomaly (600 nT) that characterizes the ECMA. This
line also defines one of the narrowest zones (70
km) of thin continental crust (transitional crust)
presently known along the margin.

Baltimore Canyon Trough

A diagrammatic cross section (Fig. 11) along CDP
Line 2 (Fig. 1) suggests that the northern part of
the Baltimore Canyon Trough is probably built
across a zone of rifted, thinned, continental
crust (or transitional crust) that lies landward of
the thickened edge of ocearic crust (source of the
ECMA). The sediments that fill the trough have
been penetrated and uplifted by a mafic intrusion
of probable Early Cretaceous 2ge; uplift and com-
paction of strata over this feature have created
possible structures for hydrocarbon accumulations
(Schlee and others, 1977). Also present is at
least one salt(?) diapir (see Line 14, Fig. 1) pro-
jected into the line of section (Fig. 11) from 16
km south of Line 2. The top of oceanic basement
beneath the ECMA has been defined at 7-8 km depth
by magnetic depth-to-scurce estimates and is over-
lain by a reef or carbonate bank complex which
developed during the Jurassic and Early Creta-
ceous. This region over the magnetic basement
high is the second major area of interest for
hydrocarbon accumulation and the site of gas
discoveries. The present shelf edge is about 20 km
landward of the Cretaceous shelf edge; this change
probably resulted mainly from the erosion associ-
ated with the major sea level lowering during the
Oligocene (Vail and others, 1977) and subsequent
redeposition (Grow and others, 1979). The config-
uration of the basement beneath the Baltimore
Canyon Trough based on CDP seismic data is simpler
than that beneath the Georges Bank (compare Figs.

7 and 12). The configuration of basement based on
magnetic data for the Baltimore Canyon Trough (Fig
13) closely resembles that configuration of base-
ment determined from seisnic data, but is more
detailed because the magnetic coverage is denser.
The axis of the trough extends from the Shelf off
Long Island almost to the mouth of Chesapeake Bay.
Average axial sediment thickness is 10-12 km. COnly
the mafic intrusion breaks the continuity of this
deep axial depression. The two diagrammatic cross
sections of USGS Lines 2 and 6 (Figs. 11 and 14)
characterize the sedimentary and crustal structure
across the widest part of the Baltimore Canvon
Trough. Seismic Line 2 (Fig. 11) crosses the
basin where it is widest (150 km) and deepest,
containing as much as 14 km of sediment. Block-
faulted and thinned continental or transitional
crust has been inferred beneath the Continental
Shelf as far seaward as the ECMA. The ridge in
magnetic basement that forms the seaward edge of
the basin rises to an average depth of about 8 km
and, in places, comes to within "6 km of sea level

The nonmagnetic diapir projected from 16 km
south of the line of section, interpreted here as
salt, shows that lower Mesozoic evaporite deposits
may pierce the overlving carbonate and clastic
section (Grow and others, 1979). Some strong
reflectors on CDP profile 2 at a depth of 12 km
may be due to interbedded evaporite and carbonate
deposits. Possible additional evidence for the
presence cf evaporite deposits in the area was
reported by Manheim and Hall (1976): hypersaline
(55%0) brines were reported from a depth of 1700 m
in ASP holes 15 and 17 off New Jersey. They
estimated that saturated brines should exist 3-4lkm
below bottom, possibly associated with salt
diapirs. In addition, off northwest Africa,
Aptian and Albian marls with barite were found at
DSDP Site 369; Lancelot and others (1972) suggestead
that the barite indicated upward migration of
solutions from Jurassic evaporite deposits. Thus,
as suggested by Evans (1978}, the accumulation of
evaporites may have been common during initial
rifting stages of continent: because shallow seas
weve restricted from open ocean waters. The depth
of the rift floor and early spreading center is
not known, but it may have been shallow similar to
that of the East African rift system or the Afar.

The top of oceanic basement Layer 2 has been
established on the basis of magnetic depth-to-
basement estimates. Our interpretation that
oceanic crust is thickest under the ECMA is compat-
ible with the suggesticn of Rabinowitz and LeBreque
(1976) that abnormally thick ocean crust may be
typical of initial rifting stages of sea floor
spreading.

CDP Line 6 (Fi,. 1l4) crosses the Baltimore Canyon )
Trough south of its widest part and is not compli- _
cated by the presence of the mafic intrusion. .
Several diapirs have been inferred here as well as
a carbonate-bank buildup over the oceanic basemen
The section is compatible with gravity models and
shows a wide zone in which thick oceanic crust

9

FOLGER




i iy ¢

&b

L g s b

.
I

1

T Y

R B B -
?‘{
USGS LINE 2 ATLANT:"™ CITY, NEW JERSEY
EAST COAST _
50~ LOCAL AIRY /MWNUIC ARDMALY 0 -
ISOSTATIC GRAVITY -
ANOMALY U‘)
o \ @
3 O FaR =
- Qg AR, B 2
= 1 S e g
ey K 400(3
-50*= . 1 SHELF UNCONFORMITY
Abgco‘e‘«?\ BARR 7 EOGE 0L, 7) o
= AN AV, ocEAs
o

10

2%é%éﬁyﬁé%22%%%;%2222’2é?”>}
OCEANIC BASEMENT - LAYER 27227

i & ANIC
T e AR 9 .

E e S
x \\ \ \ =
T \ocemc CRUST- LAYER 3\ T
I -
o \\\\\ \\\\\ &
W ool \ {204

: s R >

RIFTED, THINNED MANTLE
AND INTRUDED
CONTINENTAL CRUST EXPLANATION 7
T=TERTIARY
K=CRETACEOUS
LX*LOWER CRETACEOUS
30 J= JIRASSIC —35

- R+ TRIASSIC

5 VE 5%

: i 1 i 1 i 1 1 1 1

0 200

100
DISTAN-
Fig. 11. Interpretative cross se.

9

long CDP seismic Line 2 near

the widest part of the Baltimore Ca -on Trough (from Grow and others,

1379).

extends nearly 80 km seaward of the ECMA (Grow
and others, in press).

A seismic refraction profile by Ewing and Ewing
(1959) plus two of our refraction profiles close
to CBP Line6 (Grow and Schlee, 1976) indicate that
a 7.1-7.2 kmfs refracting horizon (thought to be
the top of oceanic crustal Layer 3B) dips landward
from a depth of 13 km beneath the Continental Rise
to a depth of 16 km under the Shelf edge
{Sheridan and others, in press). One of these
refraction profiles indicated that the Moho is at
18-22 km and dips to the northeast. Although no
refraction measurements have yet delineated the
crustal section beneath the middle Shelf, a gravity
model along Line 6 suggests that thinned conti-
nental crust (tramsitional crust) 12~km to 15-km
thick underlies the main sedimentary basins in the
Baltimore Canyon Trough region (Grow and others,
in press).

The Continental Shelf edge crossed by both
Profiles 2 and 6 apparently prograded 40-50 km
seaward over oceanic crust during Jurassic and
Early Cretaceous time whereas to the north, off
Cape Cod, and to the south, off Cape Hatteras,
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little change in the Shelf edge location took
place during this time. However, all the profiles
show retreat of the Shelf edge by 20-30 km during
the Tertiary. According to Vail and others (1977,
pt. 4, Fig. 2), many sea level lowerings took
place during Mesozoic and Cenozoic time and have
left important unconformities along continental
margins. Awong them, the late Oligocene lowering
was perhaps the greatest and is inferred to have
caused much of the change in Shelf edge location
depicted on these cross sections (Grow and othkers,
1979). Several other major acousticunits delin-
eated in the Baltimore Canyon Trough and in the
Georges Bank basin are bounded by unconformities
whose ages, based on the work of Vail and others
(1977) and correlation with strata penetrared in
wells, are inferred to be late Miocene, late 0li~
gocene, early Paleocene, Coniacian, Albian, Late
Jurassic, and Early Jurassic in age.

In Figure 11 we have drasn the main carbonate
bank or reef mass close to the area of thickened
oceanic basement refle:ted by the ECMA. Vhefher
the initiation of carbonate accumulation took
place directly on basement, on sal: that overlay
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Fig. 12. Depth to basement in the Baltimore Canyon Trough area based on CDP seismic data (from Schlee

and others, 1977).

the basement high, or at some later stage over
other sezdiments cannot be deduced with available
data. If coastal shelves of the Red Sea are anal-
agous models, then carbonzte deposits could
directly overlie basalts and older sediments (Ross
and Schlee, 1973) and reef buildups could be
expected (Carella and Scarpa, 1962; Guilcher,
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1955). Of key importance is the relationship
between water depth and basement physiography. If
the basement high during early rifting stages pro-
jected into sufficiently shallow witer, given the
proper temperature, salinity, and <urbidity condi-
tions, carbonate bank growth might have started;

if it did, subsidence during the Jurassic and Early
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Fig. 13. Depth to basement in the Baltimore Canyon Trough based on magnetic depth-to-source

estimates (from Kiitgord and Behrendt, 1979).
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